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The  surface  roughness  of  thin  film  phosphors  (TFPs)  is  one  of  the  factors  that 
affect  the  brightness  of  cathodoluminescence  (CL).  Tailoring  the  surface  roughness  of 
TFPs  using  various  methods  can  enhance  the  relatively  low  brightness  of  the  TFPs.  One 
approach  to  modifying  the  surface  roughness  can  be  the  formation  of  an  anodized  silicon 
surface  prior  to  deposition  of  TFP.  The  anodized  silicon  surface  is  inherently  rough,  and 
thus  varying  the  roughness  of  the  surface  can  suitably  control  the  roughness  of  the  TFP. 
This  approach  has  several  advantages  of  lower  cost,  rapidity  and  simplicity  in  wet 
chemical  process. 

Another  approach  to  improving  the  luminescent  properties  of  TFPs  can  be  to  insert 
a buffer  layer  that  is  optically  favorable  for  the  TFPs  and  the  substrates.  In  this  study,  a 
SiCL  buffer  layer  has  been  investigated  to  enhance  the  luminescent  brightness.  Enhanced 
luminescence  properties  were  observed  from  Y203:Eu  films  on  SiC>2  buffer  layered 
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silicon  substrates.  Due  to  a smaller  refractive  index  and  low  absorption  characteristics  of 
the  buffer  layer,  a larger  amount  of  total  internal  reflection  in  the  film  and  low  loss  of 
light  intensity  during  the  multiple  internal  reflections  was  observed.  The  light  trapped 
inside  the  film  can  escape  the  film  more  easily  due  to  a rougher  film  surface. 

A numerical  model  that  was  developed  from  a previous  one  based  on  the 
diffraction  scattering  theory  of  light,  the  steady-state  diffusion  condition  of  carriers,  and 
the  Kanaya-Okayama’s  electron  beam-solid  interaction  range  satisfactorily  explains  all 
the  experimental  results  mentioned  above.  The  model  also  provides  a solid 
understanding  of  the  cathodoluminescence  properties  of  the  TFPs  with  the  effects  of 
other  single  or  multiple  luminance  parameters.  The  parameters  encountered  for  the 
model  are  surface  roughness,  buffer  layer  thickness,  electron  beam-solid  interaction, 
surface  recombination  rate  of  carriers,  charge  carrier  diffusion  properties,  multiple 
scattering  at  the  interfaces  (air-film,  film-buffer  layer,  buffer  layer-substrate,  and 
substrate-air),  optical  properties  of  the  material,  film  thickness,  and  substrate  type.  The 
model  supplies  a general  solution  in  both  qualitative  and  quantitative  ways  to  estimate  the 
luminance  properties  of  the  TFPs  and  it  can  be  utilized  to  optimize  the  TFP  properties  for 
the  application  of  field  emission  flat  panel  displays. 
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CHAPTER  1 
INTRODUCTION 

Recent  efforts  have  been  made  to  develop  various  phosphors  for  field  emission 
displays  (FEDs)  that  are  very  thin  and  compact  in  comparison  to  conventional  cathode 
ray  tubes  (CRTs).  Their  unique  dimensions  make  them  the  ideal  display  media  for 
portable  electronic  devices.  FEDs  offer  advantages  in  terms  of  their  wide  operating 
temperature  range,  wide  viewing  angle,  fast  response  time,  low  power  consumption,  high 
brightness,  high  durability,  low  weight,  and  scalability  [Off95,  She98,  Hol99,  Kor99]. 

However,  currently  available  phosphors  do  not  have  high  enough 
cathodoluminescence  (CL)  efficiencies  at  low  voltages  [She98]  whereas  low-voltage 
operation  is  desirable  for  portable  FEDs  due  to  their  relatively  low  power  consumption 
and  easy  switching  method  for  the  anode  [Cou96,  Kim97,  Vec99]. 

The  use  of  less  efficient  phosphors  at  low  voltages  requires  high  current  operation 
that  increases  the  phosphor  degradation  rate  [Vec99].  Y202S:Eu,  which  is  used  as  the  red 
primary  in  the  CRT,  has  been  known  to  degrade  under  electron  bombardment  with  high 
current  densities  and  to  contaminate  the  cold  cathodes,  resulting  in  fatal  damage  to  FED 
devices.  Therefore,  the  oxide  based  phosphors  are  highly  attractive  in  use  of  the  FED 
devices  and  have  some  advantages  in  terms  of  less  degradation  that  make  them  more 
desirable  materials  for  FED  applications  [Tro97].  Among  the  oxide  phosphors,  Y203:Eu 
is  currently  one  of  the  leading  red  phosphor  materials  for  FEDs  [Jon99], 

On  the  other  hand,  there  have  been  some  major  concerns  associated  with  powder 
phosphors  in  terms  of  debonding,  outgassing,  and  carbon  contamination  because  the  field 
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emitter  tips  are  very  closely  faced  (0.2  - 2.0  mm)  to  the  phosphor  screen  in  FEDs. 
Therefore,  thin  film  phosphors  (TFPs)  are  assumed  to  be  the  only  answer  to  solve  these 
challenges. 

However,  the  relatively  low  efficiency  and  brightness  of  the  TFPs  have  prevented 
them  from  being  used  in  FEDs  so  far.  The  relatively  low  efficiency  of  the  TFPs 
compared  to  powder  phosphors  can  be  significantly  enhanced  by  tailoring  the  surface 
roughness  of  the  TFPs  using  various  methodologies  including  variation  in  processing 
conditions  [Jon97a,  b,  Jon99],  modifying  the  TFP’s  surface  [Sch93,  Lee98],  and  insertion 
of  a buffer  layer  between  TFP  and  substrate  [Cho97,  Cho98a].  It  has  been 
experimentally  shown  that  light  trapping  due  to  internal  reflection  from  a smooth  surface 
is  reduced  as  the  surface  becomes  progressively  rougher  [Sch93,  Lee98,  Yos98,  Cho99]. 

Another  method  of  modifying  the  surface  roughness  of  TFPs  can  be  the  formation 
of  an  anodized  (or  porous)  silicon  layer  to  be  applied  to  a Si  substrate  as  a template.  This 
method  can  be  much  easier  and  reproducible  because  there  is  no  need  for  an  additional 
buffer  layer  or  change  in  processing  conditions.  Anodized  silicon  is  formed  by  the 
electrochemical  anodization  of  a silicon  wafer  [Uhl56,  Tur58].  Depending  on  the  doping 
type,  doping  level,  and  anodization  conditions,  the  anodized  silicon  can  have  a different 
morphology  with  the  pore  size  ranging  from  several  nanometers  to  tens  of  microns 
[Sea92a].  Therefore,  the  formation  of  an  anodized  silicon  layer  on  a silicon  substrate  has 
several  advantages  such  as  low  cost,  rapidity  and  simplicity  in  wet  chemical  process,  and 
uniformity  on  large  area  substrates. 

Aside  from  modifying  the  roughness  of  the  TFPs,  the  insertion  of  an  optically 
favorable  buffer  layer  between  the  TFP  and  substrate  serves  to  enhance  the  luminescent 
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properties  of  TFPs.  This  can  help  to  reduce  the  light  trapping  and  to  improve  the  light 
emission  from  TFPs.  In  order  to  avoid  trial  and  error  through  experiments,  it  is  worth 
trying  to  set  up  a numerical  model  and  predict  results  theoretically.  There  have  been  a 
few  simplified  models  suggested  to  predict  the  brightness  of  the  TFPs  [Sch93,  Lee98, 
Cho99,  Jon99,  Cho03];  however,  they  did  not  take  into  account  multilayer  effects. 
Therefore,  one  of  the  objectives  of  this  study  was  to  understand  the  effects  of  the 
fundamental  parameters  influencing  the  luminescent  properties  of  TFPs  with  a numerical 
model  developed. 

In  this  dissertation.  Chapter  2 presents  an  overview  of  the  literature  survey  of 
related  subjects  to  this  research.  This  includes  a brief  review  of  FEDs,  an  understanding 
of  CL,  an  outline  of  the  Y2C>3:Eu  phosphor,  critical  issues  in  TFP  technology,  and 
diffraction-based  light  scattering  at  rough  surfaces.  Furthermore,  pulsed  laser  deposition 
(PLD)  is  also  briefly  introduced.  Chapter  3 discusses  the  experimental  procedures  and 
characterization  techniques  that  were  used  for  investigating  process  parameters  of 
Y203:Eu  TFPs  in  PLD  and  for  understanding  the  phosphor  properties.  Chapter  4 presents 
and  discusses  the  results  of  the  experiments  including  surface  chemistry  of  targets  and 
films,  microstructural,  optical  properties,  photoluminescence  (PL),  and 
cathodoluminescence  (CL)  studies.  Chapter  5 explains  the  modeling  procedures  of  the 
fundamental  parameters  controlling  the  luminance  of  TFPs  followed  by  comparisons 
between  the  experimental  results  and  the  theoretical  model.  Finally,  all  the  conclusions 
of  the  review  are  presented  in  Chapter  6. 


CHAPTER  2 
LITERATURE  REVIEW 

Field  Emission  Display 

FED  is  one  type  of  the  flat  panel  displays  (FPDs)  by  the  tunneling  cold  electrons 
that  emit  from  an  array  of  field  emission  tips  in  vacuum  when  an  externally  strong 
electric  field  (>  5 kV/pm)  is  applied.  Since  FEDs  and  the  conventional  cathode  ray  tubes 
(CRTs)  that  are  widely  used  by  desktop  computer  monitors  and  televisions  operate  on 
similar  principles,  FEDs  exhibit  the  strong  points  of  the  CRTs  such  as  full  color  and  full 
gray  scale,  high  brightness,  fast  response  time,  wide  viewing  angle,  and  wide  operating 
temperature  and  humidity  range  [Off95,  She98,  Kor99].  In  addition,  FEDs  also  have  the 
advantages  of  the  FPDs  (flat  panel  displays)  with  the  demand  for  smaller,  lighter,  more 
portable,  and  less  power  consuming  displays  without  the  magnetic  and  x-ray  radiation  as 
a next  generation  display  [Off95,  Hol96,  She98,  Kor99].  The  lap-top  computer  and 
palm-top  computer  markets  are  dominated  by  the  active  matrix  liquid  crystal  display 
(AMLCD)  presently  while  the  plasma  display  panel  (PDP)  is  leading  market  sales  in 
large  viewing  area  flat  panel  displays  [ReuOO]  whereas  the  AMLCD  has  many  limitations 
in  the  areas  of  viewing  angle,  temperature  range,  power  consumption,  smearing  of  fast 
moving  video  images,  and  cost  [Cat95]  and  the  PDPs  are  trying  to  reduce  their  power 
consumption  and  cost  [ReuOO]. 

When  a strong  electric  field  is  applied  cold  electron  tunneling  occurs  in  vacuum 
from  metal  and  the  semiconductor  surface  [Smi98].  Particularly,  when  the  electric  field 
more  than  5 kV//xm  is  applied  to  the  surface,  there  is  a possibility  of  electrons’  tunneling 
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due  to  the  total  potential  change,  as  shown  in  Figure  2-1  [Hud92].  However,  if  a flat 
metal  surface  emitter  was  applied  to  the  FED,  the  problem  of  the  vacuum  breakdown 
could  occur  due  to  the  whisker  formation  on  the  surface  at  the  electric  field  below  5 
kV//im  [Bro64].  Therefore,  research  on  the  sharp  tip  emitter  geometry  on  which  electric 
field  is  concentrated  has  been  investigated  intensively.  In  the  emitter  of  this  pattern,  the 
relationship  between  the  electric  field  and  the  electric  current  density  due  to  the  emitted 
electrons  is  described  by  the  Fowler-Nordheim  (FN)  equation: 


J = 


BO2 
P V 


(2.1) 


where  J is  the  current  density,  V is  the  applied  voltage,  O is  the  work  function,  A is  a 
function  of  0,  B is  a constant  and  p is  a geometrical  factor  dependent  on  the  electrode 
configuration  such  that  F = pv,  where  F is  the  magnitude  of  the  electric  field  at  the 
emitting  surface.  The  important  thing  to  notice  from  this  equation  is  that  the  electron 
emission  current  depends  exponentially  on  the  electronic  state  (as  modified  by  adsorbed 
gas  species),  the  geometry  of  the  emitting  surface  and  the  electrodes  of  the  system 
through  O and  P,  respectively  [Sch95]. 

As  shown  in  Figure  2-2,  the  electron  beam  is  generated  at  the  emitter  tips  and  is 
directed  to  the  phosphors  on  the  faceplate,  which  are  excited  to  produce  the  luminescence 
that  is  seen  by  the  viewer.  These  emitter  tips  are  part  of  an  emitter  tip  array  that  contains 
millions  of  emitter  tips.  At  each  column/row  junction,  there  are  as  many  as  4,500 
emitters.  Then  by  applying  a small  voltage  across  the  row  cathode  and  the  column  gate, 
electrons  are  emitted  from  these  nano-tips. 
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The  electron  emitters  (~l/rm)  for  the  FED  are  composed  of  tens  of  thousands 
(depends  on  the  resolution)  per  pixel  and  should  assure  the  uniform  characteristic  which 
plays  an  excellent  role  as  the  electron  source.  The  pivotal  points  include  what  kind  of 
material  can  be  used  in  fabricating  the  emitters  and  how  they  can  be  made  in  order  for  the 
electrons  to  tunnel  in  a stable  way  from  low  voltage  and  large  area.  In  order  to  be  applied 
efficiently  to  the  vacuum  micro  electronics  including  the  FEDs,  the  essential  factors  of 
the  field  emission  devices  are  the  following. 

• Uniformity  and  stability  of  emission  region:  The  emission  region  should  be  defined 
with  tolerance  below  the  sub-micron  and  should  not  be  deformed  while  operating. 

• Mechanical,  chemical,  and  thermal  durability:  The  device  should  endure  various 
factors  that  are  the  possibilities  of  happening  from  vacuum  environment,  namely 
ion  bombardment,  reaction  with  residual  gases,  temperature  rise,  and  discharge. 

• Low  operating  voltage:  The  voltage  controlling  the  emission  current  should  be  as 
low  as  possible.  The  material  which  has  low  work  function  could  be  employed  or  a 
method  which  reduces  the  distance  between  gate  electrode  and  tip  from  the  scope 
where  the  process  is  permitted  should  be  considered. 

• High  emission  current  value:  The  induced  current  value  should  be  as  high  as 
possible.  At  least,  the  current  value  (~10  A/cm2)  should  be  induced  to  be  applied  to 
athe  vacuum  micro-devices  besides  FEDs. 

• Low  energy  dispersion  of  the  emitted  electrons:  The  energy  dispersion  degree  of 
the  electrons  which  are  emitted  should  be  comparable  to  the  thermal  ion  cathode, 
the  value  below  about  0.5  eV  is  required. 

• Low  electric  current  perturbation:  The  perturbation  and  noise  of  the  electric  current 
which  is  emitted  should  be  enough  not  to  damage  the  performance  of  the  element. 

• Reproducibility  of  emission  characteristics:  The  characteristics  of  each  device 
should  be  uniform  and  stable  whithin  the  required  life-time. 

• Simplicity  of  manufacturing  process:  The  process  should  be  simple  enough  for 
yield  and  productivity  to  reduce  the  cost. 
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Europium  - activated  Yttrium  Oxide  (Y203:Eu) 

Europium-doped  oxysulfide  (Y202S:Eu)  that  has  an  efficiency  of  13%,  while  the 
reported  efficiency  value  for  the  oxide  is  6.5  - 8%,  has  been  utilized  as  the  traditional 
cathode  ray  tube  (CRT)  red  phosphor  [Kin70].  The  sulfides;  however,  are  known  to 
degrade  rapidly  under  the  high  current  densities  required  for  field  emission  display 
technology  [Ito89,  Swa96].  Therefore,  rare  earth-activated  oxide-based  phosphors  are 
likely  to  emerge  as  the  material  of  choice  for  the  FED  because  of  their  excellent  light 
output  and  color  rendering  capabilities  [Bla94,  Duc94].  Y203:Eu  is  currently  one  of  the 
most  promising  oxide-based  red  phosphor  systems.  Due  to  a 5Do  - 7F2  transition  within 
europium,  Y2C>3:Eu  shows  luminescence  properties  and  emits  red  light  with  a 61 1 nm 
wavelength  [Wic64].  Yttrium  oxide  films  have  been  grown  mainly  using  electron-beam 
evaporation  [Sha91],  radio  frequency  sputtering  [Oni90,  Cra93,  Jan93],  and  sol  - gel 
techniques  [Rao96]. 

Y203  has  a theoretical  density  of  5.033g/cm3.  Its  unit  cell  is  composed  of  16 
molecules  of  80  atoms.  The  cation  occupies  two  different  crystallographic  sites,  S6  and 
C2,  as  seen  in  Figure  2-4.  There  is  a full  layer  of  C2  sites  with  a layer  of  alternating  S6 
and  C2  sites,  resulting  in  75%  of  the  yttriums  in  C2  symmetry  and  25%  in  S6  symmetry. 

In  S6  symmetry,  the  yttrium  is  in  contact  with  body  diagonal  vacancies,  but  in  contact 
with  face  diagonal  vacancies  in  C2  symmetry.  In  both  symmetries,  the  cation  is 
surrounded  by  6 oxygens  [Mae92].  These  sites  are,  therefore,  chemically  equivalent  but 
crystallographically  different.  S6  symmetry  is  also  denoted  in  the  literature  as  C3j 
symmetry. 

Y2C>3:Eu  shows  a main  emission  peak  in  the  visible  spectrum  at  61 1 nm  (red)  under 
cathodoluminescent  excitation.  This  results  from  a 5Dq  - 7F2  transition  of  the  Eu  3 site 
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[Hun85,  Bla94],  Figure  2-4  shows  such  a transition.  Eu  is  a rare  earth  ion  and  is 
characterized  by  an  incompletely  filled  4f  shell.  The  4f^  shell  is  shielded  by  the  filled  5s 
and  5p6  shells  [Bla94,  Cho98a].  This  shielding  allows  the  Eu  ion  to  retain  its  atomic 
character  and  have  energy  levels  close  to  that  of  a free  ion  [Bla94,  Ron98].  As  a result, 
the  emission  is  very  sharp  at  the  transmission  wavelength  [Ron98].  This  is  also  the 
reason  that  Eu  is  usually  able  to  keep  its  characteristic  luminescence,  regardless  of  the 
host  material.  There  are  two  possible  crystallographic  configurations  for  the  phosphor 
due  to  transition  in  the  C2  sites.  Energy  absorbed  into  the  C3i  sites  is  effectively 
transferred  into  the  C2  site  for  recombination  [Hun85].  In  the  literature,  C3i  symmetry  is 
often  referred  to  as  S6  symmetry  [Jon97c]. 

Of  importance  in  the  Y203  host  is  the  charge  transfer  to  the  luminescent  center. 

The  highest  occupied  levels  of  the  ground  state  in  the  host  lattice  are  the  2p  orbitals  of 
oxygen,  while  the  lowest  unoccupied  levels  are  a mixture  of  the  3 s orbitals  of  oxygen  and 
the  4d  orbitals  of  yttrium.  When  electrons  are  promoted  to  an  excited  state  under  electron 
bombardment,  they  can  be  transferred  into  the  D5  levels  of  Eu  [Bla94].  The 
configurational  coordinate  diagram  can  be  used  to  represent  such  a transition.  For  a fixed 
central  atom,  the  diagram  represents  the  potential  energy  (E)  curves  of  the  atom  as  a 
function  of  the  distance  between  it  and  its  neighbors  (R).  Figure  2-5  shows  such  a 
diagram.  The  solid  lines  in  the  figure  represent  the  ground  states  and  excited  states  of  the 
activator,  while  the  dashed  line  represents  another  excited  state  of  the  activator  known  as 
the  charge-transfer  state.  The  parabolic  shape  results  from  the  assumption  that  the 
restoring  force  on  the  neighboring  atoms  is  proportional  to  their  displacement  from 
equilibrium.  The  charge  - transfer  state  is  one  which  excited  electrons  can  easily  be  fed 
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into  because  of  allowed  transitions  from  the  ground  state  of  the  activator  or  from  the  host 
lattice.  The  luminescent  state  is  not  directly  accessible  because  the  transitions  are 
forbidden.  In  Figure  2-5,  the  minimum  in  the  charge-transfer  band  causes  excited 
electrons  to  be  effectively  transferred  into  the  luminescent  states;  that  is  the  case  for 
Y203:Eu.  Due  to  the  location  of  the  charge-transfer  band  in  Y2C>3:Eu,  excited  electrons 
populate  the  luminescent  states,  giving  this  phosphor  its  high  quantum  efficiency 
[Zac97]. 

Cathodoluminescence  (CL) 

Luminescence  is  the  emission  of  light  from  a solid  that  is  “excited”  by  some  form 
of  energy.  The  term  broadly  includes  the  commonly  used  categories  of  fluorescence  and 
phosphorescence.  Fluorescence  is  said  to  occur  where  emission  ceased  almost 
immediately  after  withdrawal  of  the  exciting  source  and  where  there  is  no  thermal  cause, 
whereas  in  phosphorescence  the  emission  decays  for  some  time  after  removal  of 
excitation.  The  distinction  between  these  so-called  types  of  luminescence  is  somewhat 
arbitrary  and  confusing;  for  example,  many  minerals  have  very  long  post-excitation 
decay  times.  Using  the  term  luminescence  and  specifying  the  activating  energy  as  a 
descriptive  prefix  avoid  confusion.  Thus  radioluminescence  is  produced  by  X-rays, 
photoluminescence  (PL)  by  light  (e.g.,  ultra-violet),  cathodoluminescence  (CL)  results 
from  excitation  by  electrons,  and  thermoluminescence  results  from  heating  [Yac90, 
Bla94], 

When  energetic  electrons  bombard  certain  materials,  such  as  insulators  and 
semiconductors,  long-wavelength  photons  are  emitted  in  the  ultraviolet,  visible,  and 
infrared  regions  of  the  electromagnetic  spectrum.  This  phenomenon,  known  as 
cathodoluminescence  (CL),  is  strong  enough  in  certain  materials,  such  as  europium 
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doped  yttrium  oxide  (Y203:Eu),  which  is  known  as  a red  phosphor,  to  be  directly 
observed  by  the  human  eye  in  an  electron-beam  instrument  equipped  with  an  optical 
microscope. 

When  electrons  enter  a solid  (1)  the  host  charge  can  redistribute  to  oppose  the 
sudden  change  in  electric  field;  (2)  interactions  with  the  crystal  lattice  can  result  in 
scattering  (deviations  from  the  original  path);  (3)  inelastic  scattering  can  result  in  well- 
defined  energy  losses  of  the  incident  electron;  and  (4)  such  characteristic  energy  losses 
can  involve  single-particle  and  collective  (plasmons)  excitations  of  the  host  electrons 
[Pin64].  It  is  the  subsequent  relaxation  to  the  ground  state  between  characteristic  energy 
levels  of  the  solid,  which  produces  the  photons  that  are  detected  as  CL. 

When  an  energetic  electron  beam  impinges  on  a solid  surface,  a number  of  physical 
processes  take  place.  A qualitative  picture  of  the  interaction  of  an  electron  beam  with  a 
solid  is  shown  in  Figure  2-6  [Mar88].  The  beam  is  focused  to  a diameter,  d,  at  the 
surface.  Elastic  and  inelastic  interactions  take  place  within  the  solid  and  include  such 
processes  as  excitation,  scattering,  absorption,  and  diffusion.  These  lead  to  a steady 
reduction  in  the  energy  of  the  electrons  with  depth  and  an  enlargement  of  the  beam. 
Various  secondary  emissions  are  induced  throughout  the  enlarged  volume  provided  the 
electron  energy  remains  high  enough.  The  various  radiations  are  emitted  over  a 47T  solid 
angle  but  only  those  exiting  from  one  of  the  sample  surfaces  are  normally  observed.  The 
intensity  of  the  emission  observed  from  the  surface  depends  not  only  on  the  volume  over 
which  it  is  formed  but  also  on  the  subsequent  interactions  within  the  material.  For 
charged  particles  the  interactions  are  strong  and  only  those  produced  very  near  the 
surface  are  emitted.  Thus  secondary  electrons  are  produced  throughout  the  volume,  but 
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only  those  formed  very  near  the  surface  point  of  incidence  will  be  able  to  escape  from  the 
solid.  The  diameter  over  which  they  are  produced  is  only  slightly  larger  than  the  beam 
diameter  itself.  Primary  X-rays  are  produced  over  the  entire  region  where  the  electron 
beam  energies  remain  above  the  appropriate  level,  and  some  of  these  X-rays  will  exit, 
even  from  their  deepest  limit  of  formation.  This  enlarged  diameter,  Di,  over  which 
secondary  X-rays  are  observed,  is  one  of  the  limits  to  resolution  in  analyzers  that  make 
use  of  them.  Cathodoluminescence  is  similarly  generated  over  the  entire  region  where 
the  electrons  retain  greater  than  a few  eV  energy,  and  this  region,  of  diameter  D2,  is 
larger  than  that  over  which  characteristic  X-rays  are  generated  and  observed.  CL 
emission  is  not  completely  absorbed  within  the  solid  and  some  of  that  generated  even  at 
the  greatest  depths  will  be  emitted  from  the  surface  [Bea72]. 

The  incremental  energy  lost  (dE)  over  a distance  of  travel  (ds)  due  to  an  inelastic 
collision  can  be  found  from  the  Bethe  equation  [Eve71,  Rao74,  Joy89,  Yac90,  Gue96, 
Tro97]: 


dE  - 785pZ 
ds  “ AE 


In 


1.166E 
J 


(2.2) 
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where  A is  the  atomic  weight  in  g/mol,  Z is  the  atomic  number,  E is  the  electron  energy, 
p is  the  density  in  g/cm3,  J is  the  mean  ionization  potential  in  eV.  The  latter  is  the 
average  energy  loss  per  interaction  (for  all  possible  energy  loss  processes),  and  for  Z>13 
it  can  be  expressed  as 

58.5 


J = 9.76Z  + - 


^ 0.19 


(2.3) 
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These  equations  have  been  shown  to  be  accurate  for  E>6.34  multiplied  by  the  mean 
ionization  potential  [Eve71,  Rao74,  Joy89,  Yac90,  Tro97,].  Below  this  energy,  the 
modification  by  Rao-Sahib  and  Wittry  needs  to  be  considered  [Rao74]: 


This  equation  corrects  for  the  low  energy  region  while  mimicking  the  behavior  of 
the  original  Bethe  equation  at  high  energy.  This  new  equation  can  be  used  for  energies  as 
low  as  approximately  500  V.  Attempting  to  reduce  this  limit  even  further,  Joy  and  Luo 
suggested  a new  expression  for  the  mean  ionization  potential  using  an  energy  dependent 
term  [Joy89,  Czy90,  Tro97]: 


where  J’  is  the  new  mean  ionization  potential,  J is  still  the  average  energy  loss  per 
interaction,  and  k is  a fitting  parameter.  The  constant  k varies  from  0.7  to  0.9,  but  it  is 
usually  around  0.85. 

The  stopping  power  equations  cited  above  provide  a measure  of  how  the  electrons 
lose  energy  in  the  solid,  but  they  do  not  give  an  accurate  indication  of  the  interaction 
volume.  During  the  electron’s  trip  through  the  lattice,  it  will  also  undergo  elastic 
collisions.  These  will  not  result  in  an  energy  loss,  but  rather  will  lead  to  a change  in  the 
direction  of  the  electron’s  travel.  Equation  2.1  can  be  integrated  to  find  the  length  of  an 
individual  electron  “random  walk”  trajectory.  This  is  known  as  the  Bethe  range. 


dE  -785pZ 
ds  " 1.2588aVeJ 


(2.4) 


(2.5) 
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However,  the  interaction  volume  will  be  much  smaller  due  to  scattering.  Typically, 
the  interaction  volume  is  known  as  the  Gruen,  electron  beam,  or  penetration  range.  It  can 
be  expressed  as 


where  p is  the  density,  Eo  is  the  electron  beam  energy,  k’  depends  on  the  atomic  number 
and  is  a function  of  energy,  and  a depends  on  the  atomic  number  and  E.  Various 
equations  have  been  given  for  the  solution  to  this  equation,  but  Kanaya  and  Okayama 
proposed  the  one  most  widely  accepted 


number  [Yac90].  Figure  2-7  demonstrates  how  this  interaction  volume  moves  deeper 
into  the  material  as  the  beam  energy  is  increased.  As  shown  in  this  figure,  d represents 
the  incident  beam  diameter,  L is  the  depth  of  CL  generation  volume,  Di  is  the  diameter  of 
where  secondary  X-rays  are  generated,  and  D2  represents  the  full  diameter  to  which  CL  is 
generated  [Mar88].  Incident  beam  energy  is  increasing  from  A to  B to  C.  This  also 
demonstrates  how  the  interaction  volume  moves  closer  to  the  surface  as  the  beam  energy 
is  decreased.  When  surface  recombination  is  considered,  the  interaction  volume  in  A will 
clearly  have  a stronger  influence  from  the  surface  than  that  in  C.  Asa  result,  surface 
effects  become  more  pronounced  at  lower  beam  voltages. 


PL  refers  to  the  emission  resulting  from  an  optically  stimulated  material.  Examples 


(2.6) 


t->  1.67 
^0 


(2.7) 


measured  in  pm,  where  Eo  is  in  keV,  A is  in  g/mol,  p is  in  g/cm3,  and  Z is  the  atomic 


Photoluminescence  (PL) 


of  PL  in  real  life  include  the  brightness  of  white  paper  or  shirts  or  in  the  light  from  the 


14 


coating  on  a fluorescent  lamp.  The  detection  and  analysis  of  this  emission  are  widely 
employed  as  an  analytical  tool  due  to  its  sensitivity,  simplicity,  and  low  cost.  Sensitivity 
is  one  of  the  advantages  of  the  PL  technique,  allowing  very  small  quantities  (nanograms) 
or  low  concentrations  (parts-per-trillion)  of  material  to  be  analyzed. 

Photoluminescence  is  a technique  that  allows  for  a mainly  qualitative 
understanding  of  a material;  however  in  cases  where  conditions  are  precisely  controlled, 
some  quantitative  measurements  are  possible,  for  example  particularly  for  organic 
materials,  wherein  the  compound  of  interest  can  be  dissolved  in  an  appropriate  solvent 
and  examined  either  as  a liquid  in  a cuvette  or  deposited  onto  a solid  surface  like  silica 
gel,  alumina,  or  filter  paper. 

The  PL  can  be  classified  into  two  kinds  of  major  types,  namely  intrinsic  and 
extrinsic  luminescence.  There  are  three  kinds  in  the  intrinsic  such  as  band-to-band 
luminescence,  exciton  luminescence,  and  cross-luminescence.  The  latter  is  divided  into 
unlocalized  and  localized  types,  depending  on  whether  excited  electrons  and  holes  of  the 
host  lattice  participate  in  luminescence  processes  or  whether  the  luminescence  excitation 
and  emission  processes  are  confined  to  localized  centers.  Some  of  the  information  that 
can  be  gleaned  from  PL  measurements  includes  compound  identification,  band  gap, 
impurity  binding  energy,  quantum  well  width,  impurity  species,  Fermi  energy,  and 
carrier/doping  density  [Bru92]. 

The  following  equipments  are  needed  for  the  PL  system:  1)  A light  source,  usually 
a tunable  dye  laser,  2)  a sample  holder,  which  includes  a cryostat  and  optics  to  focus  the 
light  onto  the  sample,  3)  collection  optics  and  a scanning  monochromator,  and  4)  an 
optical  detector.  During  a PL  measurement  a fixed  wavelength  light  source  is  focused  on 
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a sample.  The  interaction  of  the  laser  with  the  semiconductor  crystal  causes  electrons  to 
be  excited  to  higher  energy  levels.  Depending  on  how  the  electron  relaxes  back  to  a 
lower  energy  state,  light  can  be  emitted  from  the  sample.  The  light  is  collected  and 
passed  through  the  scanning  monochromator  and  the  wavelengths  of  the  luminescence 
are  examined  [Bru92]. 

There  are  a number  of  PL  applications  including  compositional  analysis,  trace 
impurity  detection,  spatial  mapping,  structural  determination  (crystallinity,  bonding, 
layering),  and  the  study  of  energy-transfer  mechanisms.  In  particular,  semiconductor  and 
insulator  applications  can  be  emphasized  because  these  areas  have  received  the  most 
attention  with  respect  to  surface-related  properties  (i.e.,  thin  films,  roughness,  surface 
treatment,  interfaces),  as  opposed  to  primarily  bulk  properties.  The  common  modes  of 
the  analysis  are  spectral  emission  analysis,  excitation  spectroscopy,  time-resolved 
analysis,  and  spatial  mapping. 
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Energy 


Figure  2-1.  Potential  energy  curves  for  an  electron  near  a metal  surface  [Hud92], 
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Figure  2-2.  Cross  section  schematic  of  a typical  field  emission  display  of  FED. 


18 


Figure  2-3.  Two  different  octahedral  sites,  C2  and  S6,  which  can  be  occupied  by  yttrium 
or  europium  ion  in  the  Y203:Eu  crystal  structure  [And70], 
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Figure  2-4.  CL  spectrum  of  Y203:Eu  phosphor  showing  different  peaks  and  intensities 
induced  by  either  magnetic  (5Di-7Fi,  5Do-7Fi)  or  electric  (5D0-7F2-4)  dipole 
transition  [Cho98a]. 


Figure  2-5.  The  dashed  curves  represent  the  charge  - transfer  (CT)  state.  The  CT  state 
helps  feed  the  emissive  5D  levels  because  of  its  position  relative  to  the  F 
ground  state  found  in  Y2C>3:Eu. 
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Figure  2-6.  Qualitative  representation  of  an  electron  beam  interaction  with  a solid. 

Shown  are  d which  represents  the  incident  beam  diameter,  L is  the  depth  of 
CL  generation  volume,  Di  is  the  diameter  of  where  secondary  X-rays  are 
generated,  and  D2  represents  the  full  diameter  to  which  CL  is  generated 
[Mar88]. 
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Figure  2-7  Electron  penetration  in  a phosphor  at  various  beam  energies.  Incident  beam 
energy  is  increasing  from  A to  B to  C.  This  also  demonstrates  how  the 
interaction  volume  moves  closer  to  the  surface  as  the  beam  energy  is 
decreased.  When  surface  recombination  is  considered,  the  interaction  volume 
in  A will  clearly  have  a stronger  influence  from  the  surface  than  that  in  C.  As 
a result,  surface  effects  become  more  pronounced  at  lower  beam  voltages. 


CHAPTER  3 

EXPERIMENTAL  PROCEDURE 

Target  Preparation 

A conventional  method  of  making  PLD  target  was  used  to  prepare  a europium- 
activated  yttrium  oxide  phosphor  target.  The  powder,  a chemical  formula 
(Yo.97Euo.o3)203,  Y203:Eu,  (Osram  Sylvania  Inc.),  was  cold  pressed  into  a 1 inch  diameter 
pellet. 

The  Y203:Eu  pellet  was  sintered  at  1400  °C  for  24  hours  in  air.  The  chemical 
composition  and  homogeneity  of  the  final  target  was  examined  by  using  elemental 
analysis  with  an  Auger  electron  spectrometer  (AES)  and  an  energy  dispersive  x-ray 
spectrometer  (EDS) 

Substrate  Preparation 

Y203:Eu  thin  films  were  deposited  onto  bare  and  porous  silicon  substrates  by 
pulsed  laser  deposition.  Also,  a thermally  grown  silicon  dioxide  layer  was  formed  on 
both  types  of  substrates  before  the  thin  films  were  deposited.  The  substrates  were 
ultrasonically  degreased  in  acetone  and  methanol  for  5 minutes  each.  They  were  then 
rinsed  in  de-ionized  (DI)  water  and  blown  dry  with  nitrogen  gas.  The  porous  silicon 
layer  was  made  by  electrochemical  etching  with  a dilute  HF  solution. 

Thin  Film  Phosphor  Fabrication  by  Pulsed  Laser  Deposition  (PLD) 

Yttrium  oxide  doped  with  europium  (Y203:Eu)  thin  films  were  created  by  PLD  in  a 
vacuum  chamber  where  a rotating  Y203:Eu  solid  target  was  ablated  by  incident  KrF 
pulsed  excimer  laser  beam  with  a wavelength  of  248  nm.  Pulse  frequencies  between  1 
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and  30  Hz  were  possible,  but  all  films  were  deposited  at  10  Hz.  The  substrates  were 
mounted  on  the  faceplate  of  a substrate  heater  placed  parallel  to  the  target  surface.  A 
schematic  illustration  shown  in  Figure  3-1  represents  the  PLD  system  used  for  fabricating 
the  Y2C>3:Eu  TFPs.  By  adjusting  the  lens-to-target  distance,  laser  beam  spots  with 
controlled  sizes  were  achieved. 

Ultra  high  purity  (5  nines)  oxygen  from  compressed  gas  cylinders  was  used  to  grow 
films  at  oxygen  environment  in  the  chamber.  The  gas  was  introduced  into  the  vacuum 
system  using  a needle  valve.  Throttling  the  turbo  pump,  using  the  gate  valve  to  achieve 
the  desired  pressure,  regulated  the  pressure. 

The  processing  conditions  to  fabricate  Y2C>3:Eu  TFPs  used  were  laser  energy 
density  of  1.0  (J/cm2),  repetition  rate  of  10  Hz,  oxygen  pressure  of  50  mTorr,  distance 
from  target  to  substrate  of  5 cm,  and  substrate  temperature  of  700  °C.  The  temperatures 
of  the  substrates  were  controlled  and  monitored  using  a programmable  thermocouple 
temperature  controller  and  a pyrometer. 

Characterization 

The  films  were  characterized  using  a variety  of  analytical  techniques  including  x- 
ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),  optical  profilometry, 
photoluminescence  (PL),  and  cathodoluminescence  (CL). 

X-Ray  Diffraction  (XRD) 

X-ray  diffraction  was  the  primary  technique  used  for  Y2C>3:Eu  phase  and 
crystallinity  identification.  A Phillips  model  APD  3720  x-ray  diffractometer  was 
operated  at  40  kV  and  20  mA  to  generate  Cu  Ka  radiation  of  X = 1 .5406  and  1 .5444  A.  A 
collimated  beam  of  X-rays  was  incident  on  a specimen  and  was  diffracted  by  the 
crystalline  phases  in  the  specimen  according  to  Bragg’s  law  (X=2d  sin#,  where  d is  the 
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spacing  between  atomic  planes  in  the  crystalline  phase).  The  intensity  of  the  diffracted 
X-rays  was  measured  as  a function  of  the  diffraction  angle  26  and  the  specimen’s 
orientation. 

Scanning  Electron  Microscopy 

The  Scanning  Electron  Microscope  (SEM)  used  in  this  research  was  a JEOL  JSM- 
6335f  field  emission  SEM.  A field-emission  cathode  in  the  electron  gun  of  a scanning 
electron  microscope  provides  narrower  probing  beams  at  low  as  well  as  high  electron 
energy,  resulting  in  both  improved  spatial  resolution  and  minimized  sample  charging  and 
damage.  The  SEM  uses  secondary  electrons  produced  as  a result  of  electron-beam  solid 
interactions  to  produce  a surface  topographic  and  defect  image  of  the  sample. 

Thermoelectrons  are  emitted  from  the  surface  of  metals,  oxides,  and  borides  when 
they  are  heated  to  a high  temperature.  Conventional  thermionic  electron  guns  make  use 
of  this  thermionic  emission.  On  the  other  hand,  a field  emission  takes  place  on  the 
surface  of  a sharp-pointed  emitter  made  of  metals,  oxides  or  carbides  when  a strong 
electric  field  is  present  at  the  surface.  Field  emission  electron  guns  make  use  of  this  field 
emission.  Many  field  emission  electron  guns  are  now  used  as  electron  sources  in  electron 
microscopes  because  of  their  high  brightness. 

For  a field  emission  electron  gun,  a voltage  of  several  thousand  volts  is  applied 
between  the  extraction  electrode  and  the  cathode,  which  has  a sharp-pointed  tungsten 
metal  tip.  Since  the  tip  has  a curvature  radius  of  about  lOOnm,  a strong  electric  field  of 
about  10  MV/cm  is  usually  created  at  the  cathode  tip  and  electrons  are  emitted  from  the 
tip  by  the  tunnel  effect.  The  amount  of  electrons  emitted  greatly  depends  on  the  work 
function  of  the  cathode  surface.  When  gas  molecules  are  adsorbed  on  the  cathode 
surface,  the  amount  of  electrons  emitted  changes  with  the  work  function. 
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Once  the  electron  beam  strikes  the  sample,  secondary  and  backscattered  electrons 
are  created.  These  electrons  are  separated  according  to  their  energies.  Electrons  that  are 
emitted  from  the  sample  with  energies  below  50  eV  are  the  secondary  electrons  while 
those  with  energies  above  50  eV  are  the  backscattered  electrons.  The  secondary  electrons 
are  used  to  obtain  SEM  images.  When  the  electron  beam  is  rastered  across  the  sample,  a 
detector  collects  the  emitted  secondary  electrons,  and  the  output  can  be  used  to  modulate 
the  brightness  of  a cathode  ray  tube  (CRT)  whose  x-  and  y- inputs  are  driven  in 
synchronism  with  the  x-y  voltages  rastering  the  electron  beam  across  the  sample.  In  this 
way,  an  image  is  produced  on  the  CRT;  every  point  that  the  beam  strikes  on  the  sample  is 
mapped  directly  onto  a corresponding  point  on  the  screen  [Bru92]. 

Optical  Profilometry 

Interferometric  optical  microscopic  profilers  are  often  used  for  the  measurement  of 
surface  microstructure. 

An  optical  profiler,  shown  in  Figure  3-2,  can  be  thought  of  as  basically  a 
microscope  combined  with  an  interferometer.  An  illumination  source,  traditionally  a 
tungsten  halogen  bulb,  is  coupled  to  an  optical  system  with  a variety  of  interferometric 
microscope  objectives.  The  choice  of  objective  depends  upon  the  test  surface  and  the 
size  of  the  features  of  interest.  The  interferometer  splits  a single  source  beam  of  light 
into  two  separate  beams.  One  beam  is  reflected  from  the  object  under  test  and  the  other 
beam  is  reflected  from  a high-quality  reference  mirror.  The  two  beams  recombine  to 
form  a pattern  of  interference  “fringes”  (Figure  3-3),  the  intensity  of  which  is  recorded  by 
a CCD  camera.  The  reference  surface  is  translated  relative  to  the  test  surface  such  that 
every  point  on  the  surface  passes  through  focus.  Throughout  the  scan,  a series  of 
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intensity  data  frames  is  recorded.  Finally,  these  frames  are  analyzed  using  various 
techniques  to  determine  the  height  of  each  point  on  the  surface. 

Two  techniques  have  traditionally  been  used  to  determine  surface  heights  from  the 
recorded  intensity  data.  Phase  Shifting  Interferometry  (PSI)  produces  topographic  data 
with  extremely  low  noise  and  sub-nanometer  vertical  resolution.  PSI  is  typically  used  to 
characterize  high-quality  surfaces  such  as  optical  quality  surfaces  and  coatings,  dense 
wavelength-division-multiplexing  filters,  wafers,  and  so  on.  Short  measurement  time 
(less  than  0.5  sec.)  makes  PSI  particularly  appropriate  for  high-volume  automated  quality 
control.  PSI  is  limited  to  surfaces  with  discontinuities  typically  less  than  160nm. 

Vertical  Scanning  Interferometry  (VSI),  also  known  as  white-light  or  coherence- 
sensing interferometry,  is  based  on  the  detection  of  the  peak  contrast  of  the  fringes.  VSI 
is  used  to  characterize  surfaces  with  higher  roughness  and/or  discontinuities,  such  as 
steps,  cavities,  islands,  and  so  on.  Heights  up  to  several  millimeters  can  be  resolved, 
though  measurement  time  is  longer  (several  seconds  to  a minute)  due  to  the  added 
vertical  scan  length.  VSI  methods  avoid  the  height  and  slope  limitations  of  PSI 
techniques,  measuring  steps  to  nearly  one  centimeter,  but  they  typically  sacrifice  some 
accuracy  and  noise  rejection.  An  optical  profiler  measures  a relatively  large  surface  area 
(up  to  approx.  50  mm2)  in  a single  scan,  enabling  dramatically  faster  measurement  speed 
than  raster-scanning  techniques  such  as  stylus  profilometry  or  confocal  microscopy. 
Stitching  algorithms  further  increase  the  field  of  view,  allowing  multiple  measurements 
to  be  combined  into  a single,  large  dataset.  Measurement  speed  ranges  up  to  100 
microns/second,  depending  on  the  desired  vertical  resolution. 


28 


The  optical  profiler  has  many  advantages  over  other  surface  and  film  testing 
devices.  First,  the  profiler  does  not  require  special  sample  preparation.  It  also  uses 
nondestructive  techniques,  and  measurement  time  is  very  fast  since  measurement  occurs 
not  point-by-point,  but  over  the  whole  field  of  view  of  the  microscope  during  a single 
scans.  The  optical  profiler  achieves  sub-nanometer  and  nanometer  level  vertical 
resolutions  while  still  offering  lateral  resolution  of  a few  hundred  nanometers  that  is 
typical  for  optical  microscopes. 

Photoluminescence  (PL) 

Photoluminescence  (PL)  is  the  emission  of  light  as  a result  of  optical  stimulation. 
Specifically,  one  measures  the  emitted  intensity  as  a function  of  emission  wavelength. 

The  sample  being  investigated  absorbs  light  from  a monochromatic  source  such  as  a laser 
and  the  absorbed  energy  results  in  electron  excitation  from  the  ground  state  into  higher 
energy  bands  (typically  the  conduction  band),  or  to  quasi  bands/defect  states  in  the  band 
gap.  Excited  electrons  may  loose  a part  of  their  energy  by  relaxing  to  the  energy 
minimum  of  the  excited  state  via  non-radiative  transitions.  After  spending  a system- 
dependent  time  in  the  excited  state,  electrons  may  revert  to  the  ground  state  by  any  of  the 
radiative  pathways,  resulting  in  photoluminescence.  Thus,  information  pertaining  to  the 
band-gap  or  the  position  of  defect  emitting  states  within  the  band-gap  can  be  extracted 
under  certain  circumstances. 

The  geometric  arrangement  for  PL  measurement  used  in  this  study  is  schematically 
illustrated  in  Figure  3-2.  Continuous  wave  excitation  was  provided  by  a 325  nm  HeCd 
laser.  After  passing  through  a narrow  band-pass  filter  and  an  iris  used  to  remove  the  laser 
sidebands  and  stray  light  respectively,  the  laser  beam  was  focused  onto  the  sample  using 
a quartz  lens.  Samples  were  mounted  on  a XYZ  positioner.  The  light  generated  by  PL 
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was  then  collected  by  a lens  array  as  shown  in  Figure  3-2  and  focused  onto  the  entrance 
slit  of  an  Instruments  SA,  Inc.  HR-320  monochromator.  A long-pass  filter  with  a 50% 
cutoff  wavelength  at  350  nm  was  placed  at  the  entrance  to  the  monochromator  in  order  to 
prevent  any  scattered  laser  light  from  entering.  After  traversing  the  monochromator  with 
a grating  of  appropriate  blaze  wavelength  (660  nm),  the  light  impinged  upon  a cooled 
Hamamatsu  R943-02  GaAs  photomultiplier  tube  where  its  intensity  was  measured. 
Cathodoluminescence  (CL) 

CL  was  excited  by  a primary  electron  beam  from  a EGPS-  7H  Kimball  Physik 
electron  gun  with  energies  from  0.5  to  5 keV  and  currents  from  31.4  nA  to  314  nA.  The 
spot  size  was  2 mm  in  diameter  and  thus  the  corresponding  current  density  was  in  a range 
of  1 to  10  pA/cm2.  The  sample  current  was  determined  by  biasing  the  electrically 
isolated  sample  carousel  with  a 120  volt  battery  with  an  ammeter  in  series  to  ground.  CL 
properties  were  measured  using  an  Ocean  Optics  S2000  fiber  optic  spectrometer  with  a 
charge-coupled  device  (CCD)  detector  attached  to  the  personal  computer.  Figure  3-3 
shows  a schematic  illustration  of  the  CL  measurement  system.  TFPs  are  excited  by  e- 
beams  from  the  electron  gun  (e-gun),  and  the  emitted  light  is  detected  by  the  two  photo- 
cameras attached  to  the  PC  controller  to  give  brightness  data. 
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Figure  3-1.  Schematic  illustration  of  248  nm  KrF  excimer  PLD  system. 


31 


Signal 


Aperture  Field 
Stop  stop 


Beamsplitter 
Translator 


Microscope 

Objective 


Mirau 

Interferometer 


Sample 


Figure  3-2.  Example  of  a white  light  optical  profiler. 
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Figure  3-3.  Interference  fringes  on  a spherical  surface. 
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Figure  3-4.  Schematic  illustration  of  the  PL  measurement  system. 
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Figure  3-5.  Schematic  illustration  of  the  CL  measurement  system. 


CHAPTER  4 

RESULTS  AND  DISCUSSION 

Microstructure  and  surface  images  of  anodized  silicon  substrates  and  Y203:Eu 
films  grown  by  PLD  are  presented  to  investigate  the  effects  of  the  surface  roughness  on 
the  luminescence  properties  of  thin  film  phosphors.  Anodized  silicon  substrates  that  have 
various  surface  roughness  values  were  formed  electrochemically  in  aqueous  HF  solutions 
with  various  concentrations.  Varying  the  roughness  of  the  substrate  can  duly  control  the 
roughness  of  the  thin  film  phosphors  on  the  substrates.  It  was  found  that  increased 
surface  roughness  of  the  thin  film  phosphors  increased  the  luminescence  intensities.  The 
increase  in  roughness  was  accomplished  by  increasing  the  roughness  of  the  anodized 
silicon  substrates. 

Y203:Eu  films  were  also  deposited  on  bare  silicon  surfaces  and  thermally  grown 
silicon  dioxide  layers  to  investigate  the  effects  of  other  optical  parameters  affecting  the 
luminescence  properties  of  the  thin  film  phosphor. 

Luminescence  data  from  both  PL  and  CL  will  be  related  to  the  thin  film  phosphor’s 
roughness  and  the  role  of  thermally  grown  silicon  dioxide  buffer  layer  on  silicon 
substrates. 

Anodized  Silicon  Surface  Formation 

The  goal  of  changing  surface  roughness  of  silicon  substrates  was  accomplished  by 
anodizing  a silicon  surface  in  an  aqueous  HF  solution  by  changing  HF  concentration  and 
applied  potential  values. 
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Anodized  (porous)  silicon  is  known  to  form  during  electrochemical  dissolution  of 
silicon  in  HF-based  solutions.  The  silicon  wafer  serves  as  the  anode  and  the  cathode  is 
made  of  platinum  or  any  HF-resistant  and  conducting  material. 

The  exact  dissolution  chemistries  of  silicon  are  still  unclear  and  different 
mechanisms  have  been  proposed.  Turner  [Tur58],  and  Memming  and  Schwandt 
[Mem66]  have  proposed  the  following  overall  reaction  for  the  dissolution  of  silicon. 


Si  + 2HF  + Xh+  - SiF2  + 2H+  + (2  - X)e* 

(4.1) 

SiF2  + 2HF  -*  SiF4  + H2 

(4.2) 

SiF4  + 2HF  ->  H2SiF6 

(4.3) 

where  h+  and  e‘  are  the  exchanged  hole  and  electron,  respectively,  and  X is  the  number  of 
charges  exchanged  during  the  elementary  step. 

Some  parameters,  such  as  the  substrate  crystallinity  and  orientation,  the  shape  of 
the  anodic  current  (pulsed  or  continuous),  external  magnetic  field,  etc.,  can  affect  the 
anodized  silicon  formation.  Also,  all  the  properties  of  an  anodized  silicon  layer,  such  as 
porosity,  thickness,  pore  diameter,  microstructure,  are  strongly  dependent  on  the 
anodization  conditions.  These  conditions  include  HF  concentration,  pH  of  the  solution 
and  its  chemical  composition,  temperature,  anodization  duration,  stirring  conditions,  and 
illumination  (or  not)  during  anodization.  Optimum  control  of  the  fabrication  and 
reproducibility  are  only  possible  if  all  the  parameters  listed  above  are  taken  into  account. 
In  this  study,  in  order  to  give  roughness  variation  in  anodized  silicon  surfaces,  only  HF 
concentration  and  applied  potential  values  were  considered  using  n-type  silicon  wafers 
for  the  simplicity  of  the  processing. 
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Figures  4-1  (a)  - (d)  show  SEM  micrographs  of  anodized  n-type  silicon  surfaces 
that  were  electrochemically  treated  in  aqueous  HF.  The  concentrations  of  electrolyte 
solutions  were  1.0  %,  1.0  %,  5.0  %,  and  10.0  % HF,  respectively,  and  the  potential  values 
were  1 V in  (a)  and  5 V in  (b)  - (d).  The  current  density  was  around  100  nA.  The 
reaction  time  was  12  hours.  Two-inch  diameter  n-type  silicon  wafers  with  1-10 
Ohm-cm  resistivity  were  used.  As  a whole,  the  surfaces  became  roughened  with 
increasing  the  concentration  of  the  electrolyte  solution  and  the  potential  applied.  No 
pores  were  observed,  but  the  surface  became  roughened  on  the  anodized  silicon  surface 
treated  in  1.0  % aqueous  HF  solution  at  1 V as  shown  in  Figure  4-1  (a).  The  formation  of 
small  pores  was  initiated  and  the  surface  also  became  roughened  in  Figure  4-1  (b),  the 
surface  that  was  treated  in  1 .0  % HF  electrolyte  solution  at  5 V.  The  size  of  the  pores 
was  around  100  nm.  The  neighboring  pores  were  merged  and  became  deeper  as  the  pores 
propagated  laterally  and  vertically  as  shown  in  Figure  4-1  (c)  and  (d)  as  the  concentration 
of  the  electrolyte  solution  is  increased.  Generally,  the  anodization  of  (100)  oriented 
silicon  wafers  can  generate  pores  of  square  shape  whilst  (111)  oriented  wafers  can  exhibit 
triangular  shaped  pores  [Can87],  However,  square  shaped  pores  are  not  clearly 
distinguished  from  these  SEM  images  even  though  (100)  oriented  silicon  wafers  were 
used  in  this  study.  This  might  be  related  to  the  depth  of  the  anodized  silicon  layer.  Most 
porous  silicon  layers  are  a few  pm  deep  [Can87],  and  in  the  most  general  sense  a “pore” 
is  an  etch  pit  whose  depth,  d,  exceeds  its  width,  w [Rou94];  however;  as  will  be  seen 
from  SEM  cross-sectional  views  the  depth  of  the  anodized  silicon  surfaces  used  in  this 
study  was  smaller  than  1 pm.  Therefore,  the  anodized  silicon  surfaces  here  are  rough 
surfaces  of  silicon  by  anodizing  in  aqueous  HF  solution  rather  than  porous  ones. 
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Figures  4-2  (a)  - (d)  show  surface  images  from  an  optical  profilometer.  The 
measured  RMS  roughness  values  of  the  anodized  silicon  surfaces  shown  in  Figure  4-1 
were  ~10  nm,  ~20  nm,  -30  nm,  and  -340  nm,  respectively. 

Figures  4-3  (a)  - (d)  show  the  variations  in  the  RMS  roughness  of  the  anodized 
silicon  surfaces  with  increase  in  the  applied  potential  and  the  concentration  of  aqueous 
HF  solutions.  The  roughness  values  of  the  surfaces  were  increased  with  the 
concentration  of  the  aqueous  HF  solutions  and  the  potential  applied.  The  roughness  on 
the  anodized  silicon  surface  treated  in  10  % HF  solution  at  5 V showed  the  highest  value 
among  the  surfaces  while  the  surface  treated  in  1 % HF  solution  at  1 V showed  the  lowest 
roughness. 

For  n-type  silicon,  the  applied  potential  is  dropped  predominantly  across  the  space- 
charge  region  on  the  silicon  side  [Gas  89]  and  the  characteristic  pore  morphology  has 
been  explained  in  terms  of  a tunneling  mechanism  involving  electron  injection  at  the  pore 
base  due  to  field  concentration  [Sea92b].  Therefore,  it  is  deduced  that  the  concentration 
and  the  applied  potential  will  influence  pore  morphology  on  n-type  silicon.  Generally,  an 
increase  in  the  pore  diameters  accompanies  and  increases  in  the  anodization  potentials  for 
both  n-  and  p-type  silicon  although  the  effect  is  more  pronounced  for  the  larger  pore 
diameters  formed  in  n-type  silicon  [Smi92]. 

Y203:Eu  Thin  Film  Phosphors  on  Anodized  Silicon  Surface 

Shown  in  Figure  4-4  (a)  and  (b)  are  the  XRD  patterns  of  the  Y203:Eu  thin  film 
phosphor  grown  on  anodized  silicon  and  the  target  used  in  the  growth,  respectively.  This 
indicates  that  the  target,  pressed  from  europium  activated  yttrium  oxide  powder  and 
sintered  at  1400  °C  for  24  hours,  material  is  preferentially  aligned  in  the  [222]  direction, 
and  the  phosphor  film  deposited  at  growth  temperature  of  700  °C  in  50  mTorr  also 
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showed  the  [222]  preferred  direction.  This  means  the  [222]  direction  of  the  thin  film 
phosphor  remained  the  preferred  orientation  as  the  target  was  ablated.  This  is  consistent 
with  data  reported  earlier  in  which  stronger  (222)  peaks  were  detected  from  Y2C>3:Eu 
films  on  glass  substrates  deposited  at  400  °C  and  600  °C,  along  with  peaks  from  higher 
Miller  indices  planes  and  similar  results  were  also  obtained  from  the  films  grown  on 
(100)  silicon  and  c-axis  sapphire  [Jon99].  It  is  noted  that  for  the  yttrium  oxide/silicon 
system,  the  (100)  silicon  peak  was  at  69°,  which  is  not  plotted  on  these  graphs. 

Shown  in  Figure  4-5  (a)  - (d)  are  SEM  micrographs  of  the  Y2C>3:Eu  thin  film 
phosphors  with  the  RMS  roughness  values  of -60  nm,  -120  nm,  -240  nm,  and  -650  nm, 
respectively,  grown  on  the  anodized  silicon  surfaces.  The  presence  of  an  anodized 
silicon  layer  on  the  silicon  substrate  had  a strong  effect  on  the  film  morphology  and 
roughness  as  illustrated  by  the  SEM  micrographs  of  Y2C>3:Eu  films  on  the  anodized 
silicon  substrates,  and  the  faceted  structure  on  these  films  seen  in  these  SEM  images 
arose  from  the  crystal  structure  of  Y203:Eu  films.  The  pyramidal  faceted  shape  of  the 
Y2C>3:Eu  grains  is  a characteristic  of  its  fluorite  body-centered-cubic  crystallographic 
structure  in  which  each  cation  is  surrounded  by  eight  anions  located  at  the  comers  of  a 
cube  [Wil93,  Bla94], 

The  SEM  cross-sectional  views  of  the  Y203:Eu  films  on  less  (RMS  —60  nm)  and 
more  (RMS  -650)  roughened  anodized  silicon  substrates  are  shown  in  Figure  4-6  (a)  and 
(b),  respectively.  The  cross-sectional  images  show  that  the  Y2C>3:Eu  thin  films  have 
thickness  of -1.0  pm.  As  shown  in  Figure  4-6  (b),  the  interface  between  the  thin  film 
phosphor  and  the  anodized  silicon  surface  looks  very  irregular  and  rough;  however,  the 
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film  was  deposited  conformally  along  the  profile  of  the  rough  surface  on  the  anodized 
silicon. 

The  roughnesses  of  these  thin  films  are  shown  in  images  from  an  optical 
profilometer  of  the  Y203:Eu  thin  film  phosphor  on  the  anodized  silicon  surfaces,  Figure 
4-7.  The  measured  RMS  values  of  the  films  were  ~60  nm,  -120  nm,  -240  nm,  and  -650 
nm  in  Figure  4-7  (a)  - (d),  respectively.  The  higher  roughness  of  the  Y2C>3:Eu  thin  films 
grown  on  the  anodized  silicon  substrates  resulted  from  the  presence  of  the  inherently 
rough  surface  of  the  anodized  silicon  substrates. 

Shown  in  Figure  4-8  (a)  - (c)  and  4-9  (a)  - (b)  are  SEM  micrographs  of  plan  and 
cross-sectional  views  of  the  Y2C>3:Eu  thin  film  phosphors  grown  on  anodized  silicon 
surfaces  with  a SiC>2  buffer  layer.  The  morphologies  of  Y2C>3:Eu  thin  film  phosphors  on 
the  anodized  silicon  with  a SiC>2  buffer  layer  were  not  much  different  from  the  films  on 
the  anodized  silicon  without  the  buffer  layer  as  shown  in  Figure  4-5.  The  thickness  of  the 
films  was  also  -1  pm  by  the  cross-sectional  images,  and  -0.3  pm  thickness  of  the  SiC>2 
buffer  layer  underneath  the  Y2C>3:Eu  film  was  seen  in  the  figure. 

The  measured  roughness  values  of  these  thin  films  are  shown  in  Figure  4-10  (a)  - 
(c).  This  figure  shows  images  from  an  optical  profilometer  of  the  Y2C>3:Eu  thin  film 
phosphor  on  the  anodized  silicon  surfaces.  The  measured  RMS  values  of  the  films  were 
-50  nm,  -210  nm,  and  -630  nm  in  Figure  4-10  (a)  to  (c),  respectively. 

The  ultimate  objective  of  increasing  the  roughness  of  the  thin  film  phosphors  by 
surface  modification  using  the  anodized  silicon  substrates  was  achieved.  Surface 
modification  has  previously  been  accomplished  by  changing  the  repetition  rate  [Cha90], 
by  post  deposition  laser  processing  [Fol94],  by  processing  conditions  [Jon97a,  b,  Jon99], 
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by  modifying  the  thin  film  phosphor’s  surface  [Sch93,  Lee98],  or  by  addition  of  a buffer 
layer  between  TFP  and  substrate  [Cho97,  Cho98a],  This  is;  however,  the  first  report  of 
intentionally  utilizing  the  anodized  silicon  surfaces  as  a template  that  has  RMS  roughness 
values  up  to  a few  hundred  nm. 

Luminescent  Properties  of  Y2<I>3:Eu  Thin  Film  Phosphors 
Photoluminescence 

The  primary  intent  of  this  study  was  to  investigate  the  effects  of  changing  surface 
roughness  on  the  PL  and  CL  brightness  of  Y203:Eu  thin  films  grown  on  the  anodized 
silicon  surfaces. 

The  PL  spectra  recorded  from  the  Y2C>3:Eu  thin  film  phosphors  deposited  on 
anodized  silicon  surfaces  that  have  different  roughness  values  are  shown  in  Figure  4-11. 
For  comparison,  the  PL  spectrum  recorded  from  Y2C>3:Eu  film  grown  on  bare  silicon  is 
also  shown  in  this  graph.  This  figure  shows  typical  photoluminescence  spectra  of  a 
Y2C>3:Eu  film.  The  radiation  was  dominated  by  the  red  emission  peak  at  61 1 nm  which  is 
a 5Do  - 7F2  transition.  Some  broader  peaks  from  the  PL  spectra  in  Figure  4-1 1 were 
caused  by  the  lower  resolution  of  the  PL  spectrometer.  All  of  the  Y2C>3:Eu  films  were  ~1 
pm  thick  in  order  to  exclude  any  thickness  effect  on  PL  intensity.  The  Y203iEu  film  on 
the  anodized  silicon  that  has  RMS  roughness  value  of  ~650  nm  showed  more  than  6 
times  higher  PL  brightness  than  the  film  on  bare  silicon  substrate  that  has  ~20  nm  of 
RMS  roughness. 

The  realization  of  Y2C>3:Eu  thin  film  phosphors  with  higher  PL  brightness  by 
means  of  an  anodized  silicon  layer  on  the  substrates  is  attributed  to  more  outcoupling  of 
light  due  to  reduced  internal  reflection,  increased  elastic  scattering  of  the  excitation  beam, 
and  increased  UV  - solid  interaction  volume  due  to  increased  effective  radiation  area 
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[Jon97a,  Cho97,  Cho98a].  These  effects  are  caused  predominantly  by  rough  anodized 
silicon  surface.  As  mentioned  above,  the  RMS  roughness  of  the  Y2C>3:Eu  films  on 
anodized  silicon  substrates  was  ~30  times  larger  than  that  on  the  bare  silicon  substrate. 
Therefore,  due  to  higher  surface  roughness,  the  process  of  internal  reflection  was  reduced 
and  the  incident  beam  was  scattered  more  by  the  lattice,  resulting  in  improved  visual 
brightness  from  the  Y2C>3:Eu  films  on  anodized  silicon  substrates  [Cho97,  Cho98a]. 

Another  approach  to  improve  the  luminescent  intensity  of  thin  film  phosphors  on 
silicon  substrates  is  to  insert  an  optically  favorable  buffer  layer  such  as  silicon  dioxide 
between  the  phosphor  layer  and  the  substrate  without  any  roughness  effect.  Shown  in 
Figure  4-12  are  PL  intensities  from  the  Y2C>3:Eu  films  with  and  without  a Si02  buffer 
layer  between  the  thin  film  phosphor  and  bare  silicon  substrate  demonstrating  an  increase 
of  PL  intensity  as  the  Si02  layer  is  inserted.  Thicknesses  of  the  Y2C>3:Eu  thin  films  on 
both  substrates  and  the  Si02  buffer  layer  are  1 .0  and  0.3  pm,  respectively.  In  this  figure, 
the  Y2C>3:Eu  thin  film  on  a bare  silicon  substrate  with  a Si02  buffer  showed  ~3  times 
higher  PL  intensity  than  that  of  the  film  on  the  bare  silicon  substrate  without  the  buffer 
layer  even  though  the  RMS  roughness  of  the  Y203:Eu  thin  films  was  the  same  (~20  nm). 

The  Si02  layer  has  a smaller  refractive  index  (n  = 1 .46)  than  the  refractive  index  of 
the  Y2C>3:Eu  film  (n  = 1.93)  and  a lower  absorption  coefficient  (a  = 0.07  mm'1) 
characteristic  than  that  of  the  film  (a  = 5 mm'1).  The  smaller  refractive  index  gives  a 
larger  amount  of  internally  reflected  light  in  the  film  and  this  internally  reflected  light  can 
get  out  of  the  film  more  easily  as  the  film  is  rougher  [Sin02].  The  low  absorption 
characteristic  of  visible  light  decreases  absorption  during  multiple  internal  reflections  and 
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travel  through  the  substrate.  These  two  combined  effects  may  result  in  better  PL 
properties  for  the  Y203:Eu  thin  films  on  SiC^  buffer  layer. 

Cathodoluminescence 

In  order  to  investigate  the  CL  properties  of  the  Y2C>3:Eu  thin  film  phosphors  on 
silicon  substrates,  the  thickness  of  the  films  were  adjusted  to  1 pm  to  exclude  any 
thickness  effect  on  CL  intensity.  It  was  reported  that  the  CL  intensity  increased  very 
rapidly  and  then  saturated  at  around  1 pm  film  thickness  indicating  that  increasing  film 
thickness  greater  than  1 pm  is  not  very  advantageous  to  get  more  CL  brightness  for  the 
Y2C>3:Eu  thin  film  phosphors,  and  it  was  shown  that  very  small  differences  among  the  CL 
intensities  before  saturation  and  slightly  higher  intensities  with  increase  of  the  diffusivity 
of  an  electron  (D)  value  after  1 pm  [ChoOO].  Since  the  initial  intensities  are  directly 
proportional  to  the  number  of  charge  carriers  in  a thin  film  phosphor,  the  charge  carrier 
diffusion  is  an  important  part  of  CL  generation  process  over  the  electron  beam  - solid 
interaction  range. 

The  cathodoluminescence  intensities  of  the  Y203:Eu  thin  film  phosphors  deposited 
on  anodized  silicon  surfaces  with  various  roughness  values  are  shown  in  Figure  4-13.  It 
can  be  noted  from  this  figure  that  as  the  RMS  roughness  of  Y2C>3:Eu  films  on  anodized 
silicon  surface  is  increased,  the  CL  brightness  increases  at  all  of  the  voltages  measured. 
This  increased  brightness  from  the  films  on  anodized  silicon  surfaces  is  associated  with 
the  surface  roughness  mostly  caused  by  the  formation  of  the  anodized  silicon  surface 
layer.  A similar  observation  was  obtained  in  the  PL  brightness  and  this  phenomenon  was 
also  discussed  above.  As  can  be  seen  from  Figure  4-13,  the  CL  intensity  of  the  film 
increases  with  the  increase  in  electron  energy  applied.  The  increase  in  CL  brightness 
with  an  increase  in  electron  energy  is  attributed  to  deeper  penetration  of  electron  into  the 
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film  body.  The  deeper  penetration  of  electrons  into  the  Y203:Eu  film  body  results  in  an 
increased  electron  - solid  interaction  volume  in  which  excitation  of  Eu+3  ions, 
responsible  for  light  emission,  takes  place.  Therefore,  an  increase  in  interaction  volume, 
which  effectively  determines  the  generation  of  light  inside  the  film  body,  with  an  increase 
in  electron  energy  brings  about  an  increase  in  CL  brightness  of  the  Y203:Eu  film 
[Kum99]. 

Shown  in  Figure  4-14  are  the  CL  intensities  at  various  electron  voltages  as  a 
function  of  RMS  roughness  of  the  Y2C>3:Eu  thin  film  phosphors  on  anodized  silicon 
surfaces.  This  figure  also  shows  that  the  CL  intensity  increases  as  roughness  is  increased. 
However,  the  slope  of  the  line  in  the  figure  decreases  with  increasing  roughness  of  the 
Y2C>3:Eu  films.  This  is  considered  to  have  a saturation  point  in  the  graph  even  if  the 
roughness  increases.  This  kind  of  effect  will  be  discussed  in  detail  in  the  next  chapter. 

Figure  4-15  shows  CL  intensities  of  Y203:Eu  thin  films  at  5 kV  with  and  without  a 
Si02  buffer  layer  between  the  Y2C>3:Eu  thin  film  phosphor  and  anodized  silicon  substrate, 
and  demonstrates  an  increase  in  CL  intensity  as  a Si02  layer  is  inserted.  Thickness  of  the 
Y2C>3:Eu  thin  films  on  both  substrates  and  the  Si02  buffer  layer  inserted  is  also  1.0  and 
0.3  pm,  respectively.  The  CL  spectra  appear  to  be  consistent  with  the  sharp  PL  peaks 
shown  in  Figure  4-12.  The  set  of  three  closely  spaced  peaks  at  wavelengths  of  587,  593, 
and  596  nm  is  related  with  magnetic  dipole  transitions  (5Do  - 7Fi)  that  are  insensitive  to 
the  site  symmetry,  whereas  the  peaks  at  579,  610  - 630,  and  680  - 710  nm  are  associated 
with  electric  dipole  transitions  (5D0  - 7F0, 5D0  - 7F2,  and  5D0  - 7F4,  respectively)  preferred 
by  lack  of  inversion  symmetry  [For69,  Rie70,  Tan98].  In  this  figure,  the  Y2C>3:Eu  thin 
film  on  an  anodized  silicon  substrate  with  a Si02  buffer  showed  around  30  % higher  CL 
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intensity  than  that  of  the  film  on  the  anodized  silicon  substrate  without  the  buffer  layer 
even  though  the  roughness  of  anodized  silicon  with  the  buffer  layer  (RMS  -170  nm)  was 
smaller  than  that  of  anodized  silicon  surface  without  it. 

The  CL  intensities  of  the  Y2C>3:Eu  thin  film  phosphors  deposited  on  anodized 
silicon  surfaces  with  a SiC>2  buffer  layer  for  various  roughness  values  are  illustrated  in 
Figure  4-16.  It  also  can  be  seen  from  this  figure  that  as  the  RMS  roughness  of  the 
Y2C>3:Eu  films  on  anodized  silicon  surfaces  with  a buffer  layer  is  increased,  the  CL 
brightness  increases  at  all  of  the  voltages  measured  as  seen  in  Figure  4-13. 

The  enhanced  brightness  of  Y2C>3:Eu  thin  film  phosphors  on  SiC>2  buffer  layered 
silicon  substrates  is  thought  to  be  associated  with  more  favorable  optical  properties  of 
SiC>2  layer  than  those  of  silicon.  The  absorption  of  red  light  by  Si02  buffer  layer  (a  = 

0.07  mm'1)  is  much  smaller  than  that  by  silicon  (a>  200  mm'1).  Therefore,  a significant 
portion  of  the  light  generated  in  the  thin  film  phosphor  that  incidents  on  the  silicon 
surface  might  be  absorbed.  In  addition,  due  to  the  smaller  refractive  index  of  SiC>2  (n  = 
1.46)  than  that  of  Y2C>3:Eu  (n  = 1.93),  two  different  critical  angles  exist  for  total  internal 
reflection  of  red  light  from  the  Y2C>3:Eu  film  - SiC>2  interface  (-49°)  and  Si02  - air  (43°) 
interface.  Thus,  a considerable  portion  of  the  light  is  back  reflected  from  the  film  - 
substrate  interface  and  is  available  for  escaping  through  the  top  surface,  and  total  internal 
reflection  cannot  occur  at  the  siliconA^C^Eu  interface  since  the  refractive  index  of  Si  (n 
= 3.91)  is  much  higher  than  that  of  Y203:Eu  (n  = 1.93)  at  a wavelength  of  61 1 nm  [Sin92, 
Wea98]. 

Summary 

Silicon  surfaces  were  anodized  in  aqueous  HF  solution  controlling  concentration 
and  applied  potential  values  in  the  solution  to  give  variation  in  the  surface  roughness  of 
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the  anodized  silicon  layer.  Varying  the  surface  roughness  of  silicon  substrates  also  gave 
variation  in  the  roughness  of  the  Y2C>3:Eu  thin  film  phosphors  to  enhance  the  relatively 
low  brightness  of  the  films  compared  to  powder  phosphors. 

As  another  approach  to  improving  the  luminescence  properties,  Y203:Eu  thin  film 
phosphors  were  deposited  on  anodized  silicon  surfaces  with  a SiC>2  buffer  layer  in  order 
to  investigate  the  effects  of  other  parameters  influencing  the  luminescence  properties  of 
the  thin  film  phosphor. 

PL  and  CL  brightness  of  the  thin  film  increased  with  increasing  in  roughness  of  the 
anodized  silicon  surface.  The  improved  brightness  of  the  thin  film  phosphor  by  means  of 
forming  an  anodized  silicon  surface  is  mostly  attributed  to  more  outcoupling  of  light  due 
to  reduced  internal  reflection  in  the  thin  film  phosphor.  In  addition,  the  luminescence 
properties  of  Y203:Eu  films  on  anodized  silicon  surfaces  with  a SiC>2  buffer  layer  were 
higher  than  those  of  the  films  on  the  surface  without  the  buffer  layer.  The  higher 
brightness  of  the  Y2C>3:Eu  thin  film  phosphors  on  SiC>2  buffer  layered  silicon  substrate  is 
mainly  associated  with  the  advantageous  optical  properties  of  the  Si02  layer  in  terms  of  a 
smaller  refractive  index  and  a low  absorption  coefficient. 
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Figure  4-1.  SEM  micrographs  of  anodized  silicon  surfaces. 1 % HF  solution  at  1 V (RMS: 
-10  nm)  (b)  1 % HF  solution  at  5 V (RMS:  -20  nm)  (c)  5 % HF  solution  at  5 
V (RMS:  ~30  nm)  (d)  10  % HF  solution  at  5 V (RMS:  -340  nm) 
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Figure  4-2.  Images  from  an  optical  profilometer  on  anodized  silicon  surfaces. (a)  1 % HF 
solution  at  1 V (RMS:  ~10  nm)  (b)  1 % HF  solution  at  5 V (RMS:  -20  nm)  (c) 
5 % HF  solution  at  5 V (RMS:  -30  nm)  (d)  10  % HF  solution  at  5 V (RMS: 
-340  nm) 
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Figure  4-3.  RMS  roughness  variation  of  anodized  silicon  surfaces  with  applied  potential 
values. 
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Figure  4-4.  XRD  patterns  of  (a)  YiC^iEu  thin  films  deposited  on  (100)  anodized  silicon 
substrate  and  (b)  the  target. 
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Figure  4-5.  SEM  micrographs  of  Y203iEu  thin  films  deposited  on  anodized  silicon.  RMS 
roughness  values  of  ~60  nm  in  (a),  —120  nm  in  (b),  ~240  nm  in  (c),  and  ~650 
nm  in  (d). 
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Figure  4-6.  SEM  cross-sectional  micrographs  of  Y2C>3:Eu  thin  films  with  RMS  ~60  nm  in 
(a)  and  RMS  ~650  nm  in  (b)  deposited  on  anodized  silicon. 
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Figure  4-7.  Images  from  an  optical  profilometer  of  Y2C>3:Eu  thin  films  deposited  on 
anodized  silicon  surfaces.  The  roughness  values  are  (a)  RMS  -60  nm,  (b) 
RMS  -120  (c),  RMS  -240  nm,  and  (d)  RMS  -650  nm. 
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Figure  4-8.  SEM  micrographs  of  Y203:Eu  thin  films  deposited  on  anodized  silicon  with 
Si02  buffer  layer.  The  roughness  values  are  (a)  RMS  ~50  nm  (b)  RMS  -170 
nm  and  (c)  RMS  -630  nm. 
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Figure  4-9.  SEM  cross-sectional  micrographs  of  Y2C>3:Eu  thin  films  deposited  on 

anodized  silicon  with  a SiC>2  buffer  layer.  The  roughness  values  are  (a)  RMS 
~50  nm  and  (b)  RMS  -630  nm. 
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Figure  4-10.  Images  from  an  optical  profilometer  of  Y203:Eu  thin  films  deposited  on 
anodized  silicon  surfaces  with  SiC>2  buffer  layer.  The  measured  roughness 
values  are  (a)  RMS  -50  nm,  (b)  RMS  ~170,  and  (c)  RMS  —630  nm. 
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Figure  4-11.  Photoluminescence  intensity  versus  roughness  of  Y2C>3:Eu  thin  film 

phosphors  on  the  bare  and  anodized  silicon  surfaces  showing  increases  as 
roughness  is  increased.  Thickness  of  the  Y2C>3:Eu  thin  film  is  1.0  pm. 
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Figure  4-12.  Photoluminescence  intensity  for  Y20j:Eu  films  with  and  without  a Si02 

buffer  layer  between  the  thin  film  phosphor  and  bare  silicon  substrate  showing 
an  increase  as  the  SiC>2  layer  is  inserted.  Thickness  of  Y203:Eu  thin  film  and 
the  SiC>2  buffer  layer  is  1 .0  pm  and  0.3  pm,  respectively.  The  RMS  value  on 
both  films  was  ~20  nm. 
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Figure  4-13.  Cathodoluminescence  intensity  versus  roughness  ofY2C>3:Eu  thin  film 
phosphors  on  anodized  silicon  surfaces  at  various  voltages.  Thickness  of 
Y2C>3:Eu  thin  films  is  1.0  pm. 
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Figure  4-14.  Cathodoluminescence  intensity  at  various  electron  voltages  versus 

roughness  of  Y203:Eu  thin  film  phosphors  on  anodized  silicon  surfaces 
showing  increases  as  roughness  is  increased.  Thickness  of  Y202:Eu  thin  film 
is  1.0  pm. 
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Figure  4-15.  Cathodoluminescence  intensities  at  5 kV  of  Y2C>3:Eu  films  with  and  without 
SiC>2  buffer  layer  between  the  thin  film  phosphor  and  anodized  silicon 
substrate  showing  an  increase  as  the  SiC>2  layer  is  inserted.  Thickness  of 
Y203:Eu  thin  film  and  the  SiC>2  buffer  layer  is  1 .0  pm  and  0.3  pm, 
respectively. 
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Figure  4-16.  Cathodoluminescence  intensity  versus  Y2C>3:Eu  films  with  Si02  buffer  layer 
between  the  thin  film  phosphor  and  anodized  silicon  substrate  at  various 
voltages.  Thickness  of  Y203:Eu  thin  film  and  the  Si02  buffer  layer  is  1.0  pm 
and  0.3  pm,  respectively. 


CHAPTER  5 
MODELING 

Many  reports  have  investigated  to  increase  the  brightness  of  thin  film  phosphors 
that  is  comparatively  lower  than  that  of  powder  phosphors  by  modifying  the  roughness  of 
the  thin  film  phosphors’  surface.  These  include  change  in  growth  conditions  such  as 
substrate  temperatures,  growth  pressure,  and  post-deposition  annealing  treatment  of  the 
phosphor  films  [Jon97a,  b],  altering  thin  film  phosphor’s  surface  [Lee98,  Cho99],  and 
inserting  a buffer  layer  between  the  thin  film  phosphor  and  substrate  [Cho98a,  b].  They 
showed  that  as  the  surface  roughness  became  more  intense  the  light  trapping  in  the 
phosphor  layer  was  significantly  reduced  and  the  amount  of  light  coming  out  of  the  layer 
was  increased.  Even  though  these  experimental  results  were  qualitatively  comprehended 
well,  more  sufficient  analysis  of  the  scattering  effects  of  the  propagating  light  on  the 
brightness  of  thin  film  phosphors  is  demanded. 

Parameters  that  affect  the  brightness  of  TFPs  include  of  film  thickness,  optical 
interfaces,  microstructure,  surface  roughness,  substrate  materials,  electron  beam  - solid 
interaction,  and  surface  recombination  rate.  These  parameters  are  interrelated  with  each 
other  complexly  and  cannot  be  varied  independently.  Thus,  it  is  hard  to  quantitatively 
elucidate  the  experimental  results.  Moreover,  classical  theories  based  on  rectilinear 
propagation  of  the  light  cannot  be  applied  without  gross  simplifications,  as  the 
wavelength  of  the  surface  roughness  is  smaller  than  the  wavelength  of  the  emitted  light. 

There  have  been  some  simplified  models  to  predict  the  brightness  of  the  thin  film 
phosphors  based  on  the  effect  of  bulk  and  surface  structure  [Sch93,  Lee98,  Cho99,  Jon99, 
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Cho03].  However,  they  might  overlook  the  multiple  scattering  at  the  interfaces  and 
electron  beam  - solid  interactions,  and  their  solutions  included  only  a few  parameters 
mentioned  above  and  cannot  explain  the  effect  of  a buffer  layer,  that  is  optically 
favorable,  on  the  enhanced  brightness  in  the  luminescence  described  in  the  previous 
chapter.  Therefore,  a numerical  model  that  includes  most  of  the  affecting  parameters,  in 
particular,  containing  diffraction  - based  multiple  light  scatterings  with  different 
thickness  of  thin  film  phosphors  and  a buffer  layer  on  various  substrates  and  electron 
beam  - solid  interactions  needs  to  be  developed.  This  new  model  is  expanded  to  consider 
a top  thin  film  phosphor  layer  and  substrate  as  well  as  a buffer  layer  between  them  on  the 
basis  on  the  previous  model  [ChoOO,  Cho03]. 

In  this  study,  this  numerical  modeling  was  developed  to  comprehend  the  effects  of 
the  fundamental  parameters  on  the  luminance  properties  of  TFPs  including  an  optical 
buffer  layer  and  develop  a general  solution  to  predict  thin  film-related  light  emission 
properties.  This  understanding  and  development  of  a numerical  model  will  eventually 
lead  to  design  for  fabricating  TFPs  for  FEDs  with  optimum  CL  properties. 

Assumptions  for  modeling 

This  model  is  set  up  on  the  basis  of  the  previous  reports.  The  basic  assumptions  for 
this  modeling  are  almost  the  same  as  Cho’s  [ChoOO,  Cho03].  The  assumptions  can  be 
summarized  as  follows  to  re-enlighten  fundamental  optical  scattering  at  interfaces,  and 
the  relationship  between  surface  roughness  of  film  and  luminance  intensity  by  diffraction 
scattering  effects. 

The  model  of  light  emission  from  Y2C>3:Eu  TFPs  is  based  on  the  diffraction 
scattering  of  light  from  the  various  interfaces  (air/film:  interface  1,  film/buffer  layer: 
interface  2,  buffer  layer/substrate:  interface  3 and  substrate/air:  interface  4).  Figure  5-1 
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(a)  shows  the  spatial  distribution  of  the  energy  reflected  from  a rough  surface  with  the 
coordinates  and  angle  notations  based  on  diffraction  scattering  theory  [Bec63,  Top79]. 
The  diffraction  scattering  theory  explains  two  different  scattering  components  of  the 
reflected  light  when  surface  roughness  is  smaller  or  comparable  to  the  wavelength  of  the 
incident  light,  expressed  as, 

f (v|/,  Q 9, 9)  = f‘(Mh  Q 0,  q>)  + f«(  V,  Q 9, 9) , (5- 1 ) 

where  f is  two-directional  reflection  coefficient,  fc  is  coherent  (specular)  component 
which  reflects  at  an  angle  equal  to  the  incident  angle,  fc  is  incoherent  (diffuse) 
component  which  scatters  in  a space  with  some  fraction  of  light  propagating  in  the 
specular  direction  along  with  the  specularly  reflected  light,  and  the  definitions  of  the  four 
angles  (i p,  £,  d,  0)  are  illustrated  in  Figure  5- 1(a).  The  fc  depends  on  the  incident  angle 
(0),  the  optical  roughness  (ff/X),  and  the  solid  angle  ( ft,)  containing  the  incident  energy, 
while  the  fic  depends  not  only  on  y and  a/\  but  also  on  the  direction  in  which  the  energy 
is  reflected  ( 6 , 0)  and  the  ratio  of  the  peak  distance  in  Figure  5- 1(b)  to  the  wavelength  of 
the  light  (a/  X)  [Top79], 

The  generated  light  from  each  activator  in  the  TFP,  encounters  absorption,  diffuse 
and  specular  reflection,  and  diffuse  and  specular  transmittance  effects,  as  it  traverses 
across  the  TFP.  The  observed  brightness  is  the  total  sum  intensity  of  the  light  escaping 
out  of  film  surface  (Reflection  mode:  R-mode)  or  substrate  surface  (Transmission  mode: 
T-mode)  through  the  multiple  scattering  occurring  at  the  interfaces  of  1,  2,  3,  and  4. 

Since  the  roughness  of  the  interfaces  2,  3,  and  4 are  very  low,  the  diffuse  effects  from 
these  interfaces  are  not  considered.  Also,  the  scattering  effects  at  the  grain  boundaries 
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are  neglected,  because  significant  changes  in  the  refractive  index  are  not  expected  to 
occur  at  the  grain  boundaries  of  polycrystalline  structure. 

Surface  Roughness  of  Film 

A sine  waveform  roughness  is  assumed  for  the  shape  of  the  surface  roughness  of 
the  TFPs  as  depicted  in  Figure  5- 1(b).  From  the  definition  of  RMS  roughness  (o),  the 
relationship  between  the  roughness  height  (h)  and  a can  be  derived  as 


a = 


" 1 n 


2 

|*2 k A2  sin2  0d0 

Jo  2 71 

A 

V2 


2V2 


or 


h = 2V2o  , (5.2) 


where  h is  the  average  roughness  height  with  N measurements,  A is  the  amplitude  of  the 
sine  waveform  roughness,  and  6 is  the  angle  of  the  propagating  light  with  respect  to 
normal. 

Intensity  Change  by  an  Angle  Change 

By  definition  of  the  solid  angle  (fl ) with  a surface  area  of  s in  a cone  of  emission, 
the  0 is  defined  as 


s 2rrrh  2?tr(r - rcos0)  „ „ 

Q = —r  = — 5—= ; = 271  (1  - COS0  ) , 

r r r 


(5.3) 


where  r is  the  radius  of  the  cone  of  emission,  as  illustrated  in  Figure  5-2.  Then,  the 
derivative  of  the  Q (the  solid  angle  change:  d 0 ) is  the  change  of  the  cone  of  emission, 
defined  as 


dQ  = 2 71  sin0d0  . (5.4) 

When  light  is  generated  in  the  activator  center,  the  intensity  of  light  (Io)  in  all 
directions  has  47T  solid  angle.  This  defines  the  intensity  of  the  light  of  a unit  solid  angle 
as  Io/47T.  Therefore,  the  intensity  change  (dlo)  by  an  angular  element  (dd)  is 
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(5.5) 


Scattering  of  Light  at  Interface 

When  propagating  light  scatters  at  the  film  interface  having  a RMS  roughness  of  a, 
the  light  is  divided  into  four  different  components,  such  as  Ts,  Td,  Rs,  and  Rd,  as 
illustrated  in  Figure  5-3.  From  the  relationship  defined  by  Beckmann  et  al.  [Bec63]  and 
Toporets  [Top79],  the  intensity  of  the  specular  reflection  (Irs)  can  be  defined  as 


where  Iro  is  the  intensity  of  the  internally  reflecting  light  when  a =0,  X is  the  wavelength 
of  the  generated  light  in  the  film,  and  6 is  the  angle  of  propagating  light  with  respect  to 


Figure  5-4  illustrates  the  assumptions  for  the  diffuse  component  of  the  propagating 
light  after  being  generated  from  an  activator.  When  the  light  generated  from  an  activator 
scatters  at  the  interface  1,  the  light  reflected  back  to  the  film  with  an  angle  less  than  dc 
(Rd<  0C)  will  transmit  into  the  substrate,  and  the  light  reflected  back  to  the  film  with  an 
angle  greater  than  9C  (R<i>0c)  will  internally  reflect  with  another  angle  /3,  in  addition  to  Rs. 
For  this  case,  the  intensity  of  the  total  internal  reflection  when  a ?0  (lRa  ?©)  is  reduced  by 
the  presence  of  the  intensity  of  the  diffuse  transmittance  (ljd)  which  is  the  light  escaping 
from  the  film  to  air  due  to  surface  roughness.  Then,  IRff  is  defined  as  the  sum  intensity 
of  the  specularly  reflected  light  (Irs)  and  the  diffusely  reflecting  light  (lRd): 


Irs  = Ir.  exP  - — 7 cost) 


(5.6) 


normal. 


(5.7) 


lid  is  a part  of  the  IRd  since  the  internal  reflection  is  reduced  by  the  existing  surface 
roughness,  thus  it  is  defined  as 
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It,  “ 0 Ir,  > 


(5.8) 


where  r]  is  a constant  between  0 and  1 . Therefore,  ITci  is  an  additional  contributor  to  the 
total  sum  intensity  of  the  light  from  the  film  side,  in  addition  to  the  intensity  of  specularly 
transmitted  light  (Ijs),  which  directly  escapes  from  the  film  when  0 is  smaller  than  the 
critical  angle,  0C. 

Equation  (5.7)  can  be  expressed  for  Ed  by  subtracting  the  Irs  and  lid  from  Iro, 


I Rd  _ Ir0  Irs  It„  • 


(5.9) 


According  to  Beckmann  et  al.  [Bec63]  and  Toporets  [Top79],  the  iRd  is  also  defined  as 


Ir<i  ~ Ir0 


1 - exp 


-cos0 


(5.10) 


IRd  is  assumed  to  be  uniformly  distributed  in  all  directions  and  is  expressed  again  using 
Equations  (5.8)  - (5.10)  as 


Ir,,  + Iid  Ir0  Irs  _ Ir0  Ir0  exP 


2V2: 


710 


\ 2 


I Rd  + ^iRd  (I+  ^^Rd  Ir» 


1-  exp 


2V2: 


COS0 


71 O 


COS0 


Ip  = 


1+11 


1-  exp 


2V2: 


7ia 


\ 2 


■COS0 


(5.11) 


(5.12) 


(5.13) 


The  IRd  in  a unit  solid  angle  in  hemisphere  is  defined  as 


I, 


E 


2n  (1  + ri)27i 


1 - exp 


2V2; 


710 


\ 2 


-COS0 


(5.14) 


According  to  Equations  (5.3)  and  (5.4),  dfl  with  an  angular  unit  d/5  is 
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dQ  = 271  sinpd(3 . (5.15) 

Therefore,  the  intensities  of  the  diffusely  reflected  (iRd  J)  and  transmitted  (ltd  j)  light 
related  to  dfl  in  Equation  (5.15)  are 


It 


I 


R„ 


, = —dfl  = 

d-p  27t  (ri  + 1) 


1-  exp 


2V2; 


Tta 


-cos0 


sin  p dp  , 


(5.16) 


IT  = 

R 


0+Tl) 


1-  exp 


2V2rc< 


COS0 


sin  p dp 


(5.17) 


Charge  Carrier  Diffusion  and  Concentration 

There  are  other  important  physical  processes  to  be  included  in  the  model.  Since  CL 
is  excited  by  the  electron  beam,  which  interacts  differently  with  the  solid  depending  on 
material’s  characteristics,  accelerating  voltage,  and  current  density,  it  is  important  to 
predict  how  many  charge  carriers  are  created  and  involved  in  the  luminescence  process  in 
a TFP.  Since  under  the  steady  state  condition  the  number  of  photons  emitted  is  equal  to 
the  number  of  carriers  released  by  the  incident  electrons  that  recombine  (N).  Then,  a 
simple  diffusion  equation  can  be  applied  to  determine  the  carrier  concentrations  in  a 
phosphor  defined  as  [Yoo97] 

D-^yN-—+G=0  (5.18) 

ax  x 

where  x is  the  depth  from  surface,  r is  the  lifetime  of  the  radiative  recombination,  and  G 
is  the  generation  rate  of  the  e-h  pairs  by  e-beam.  The  generation  rate,  G,  which  is  defined 
as  [Yoo97], 


(5.19) 
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where  i0  is  current  density,  Vo  is  accelerating  voltage,  E is  average  work  done  to  create 
an  e-h  pair,  and  R is  the  interaction  range  of  e-beam  in  the  host  matrix  as  defined  in 
Equation  (2.7)  are  also  applicable  to  solve  the  diffusion  equation  for  N.  For 
simplification,  divide  each  term  in  Equation  (5.18)  by  D and  let 


Dx 


= m. 


(5.20) 


Then  the  equation  can  be  rewritten  as 

d2 


N-  m2N+  — = 0, 


(5.21) 


dx2 D 

where  m is  a constant.  By  combining  Equations  (2.7)  and  (5.19),  G can  be  expressed  as 

• \t  rj  0.89  _ 


G = 


27.6AEME 


1.67  • 


(5.22) 


For  simplification  again,  let 

- i0VoZ0-89p  = G 
AE27.6MEq67D  D ' 


(5.23) 


Then  the  Equation  (5.21)can  be  rewritten  as 

-^N-m2N=C.  (5.24) 

dx 

Charge  carriers  can  reach  the  activator  centers  outside  the  interaction  range  by 
diffusion.  Thus  two  different  regimes  of  interaction  between  carriers  and  TFP  (0<x 
and  R<x  ^1)  should  be  considered  in  the  model,  as  illustrated  in  Figure  5-9: 


dx 


N,  - m2N,  = C for  0 < x < R , 


2 1 


dx 


2 N2  - m N2  = 0 for  R < x < t, . 


(5.25) 


(5.26) 
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The  solutions  for  the  Ni  and  N2  are  the  expressions  for  the  number  of  e-h  pairs 
created  in  a TFP  for  each  regime  above.  The  solutions  are  given  as 


c 

N,  = c,  exp(mx)  + c2  exp(-mx) - , 

(5.27) 

N2  = c3  exp(mx)  + c4  exp(-  mx) , 

(5.28) 

where  ci,  c2,  C3,  and  C4  are  constants.  In  order  to  determine  Ci,  c2,  C3,  and  C4,  the  required 
boundary  conditions  are 


( \ 


(1)  D 


dN, 
l dx  ) 


= (S-N,)X=0 


x=0 


(2) 


( dN  ^ 


V dx  7 


x=R 


dNj 
V dx 


x=R 


(3)  (//,  = N2)x_. 


(4)  D\ 


(dNA 

v dx  ) 


= -(SN2) 


2 /jc=f| 


(5.29) 

(5.30) 

(5.31) 

(5.32) 


where  x is  the  location  of  the  activator  center  to  the  film  surface,  and  S is  the  surface 
recombination  velocity  in  cm/s.  Solving  the  four  boundary  conditions  yields  the 
expressions  for  the  constants,  ci,  c2,  C3,  and  C4. 

Therefore,  the  intensity  of  the  generated  light  (or  brightness)  can  be  obtained  using 
the  final  solutions  as: 

(1)  when  R>ti 

(a)  0<x<ti:  70(x)  = -y-  Nx{x)  (5.33) 


(2)  when  R<ti : 


(a)  0<x<R:  I0(x)  = 


r 


■N,(x) 


(5.34) 
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(b)  R<x<t] : I0(x)  = —■  N2{x)  (5.35) 

x 

where  Ee  is  the  photon  energy  emitted  in  a TFP  by  an  e-beam. 

Modeling  of  Specular  Component  of  Light 
As  mentioned  before,  the  basic  assumptions  for  this  modeling  is  based  on  the 
previous  report  [ChoOO,  Cho03],  and  the  equations  that  defined  a fraction  of  the  light 
transmitted  from  top  phosphor  film  and  substrate  through  multiple  scattering  are 
analogous  to  the  equations  for  the  top  two  layers,  phosphor  film  and  buffer  layer 
underneath  the  film  in  this  modeling.  Therefore,  the  equations  are  summarized  concisely, 
and  then  further  equations  are  expanded. 

The  generated  light  with  an  intensity  of  Io  from  an  activator,  which  is  located  at  a 
distance  of  x from  the  film  surface,  propagates  in  all  directions.  A fraction  of  the  light  by 
changing  the  angular  element,  which  is  defined  in  Equation  (5.5),  can  be  specularly 
transmitted  from  film  into  air  (pi,2,3)  and  buffer  layer  (qi,2,3)  through  multiple  scattering 
between  interfaces  1 and  2 during  propagating  upward  and  downward  with  a starting 
angle  d,  as  illustrated  in  Figures  5-5  (a)-(b),  respectively.  Some  part  of  the  light 
transmitted  into  buffer  layer  will  be  transmitted  back  into  film  through  interface  2,  and 
some  other  part  of  the  light  will  be  transmitted  into  buffer  layer  through  interface  3,  and 
further  into  air  through  interface  4,  experiencing  multiple  scattering,  as  depicted  in  Figure 
5-6(a).  The  light  transmitted  back  from  substrate  will  also  experience  multiple  scattering 
in  the  buffer  layer  and  the  film  allowing  transmittance  into  air  and  substrate  again,  as 
shown  in  Figure  5-6(b).  The  intensity  of  the  transmitted  light  depends  on  transmittance 
and  reflectivity  properties  at  the  interfaces  1 (Ti  and  Ri,  respectively),  2 (T2  and  R2, 
respectively),  and  4 (T4  and  R4,  respectively),  absorption  coefficients  of  film  (ai),  buffer 
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layer  (0:2)  and  substrate  (03),  and  thicknesses  of  film  (ti),  buffer  layer  (t2),  and  substrate 
(t3). 


Light  Propagating  in  Upward  Direction 

In  Figure  5-5(a),  the  sum  intensity  of  the  specular  components  transmitted  from 

film  into  air  through  the  interface  1 (Pi  = pi+P2+P3+"-+P<»)  can  be  expressed  as 

I 

p,  = I Pi  - 


-^-sin0d0T,(0)exp 


1 -a  jx'' 


V cos0  7 


i=l 


1-  R,(0)R2(0)exp 


r-2a,t,j 

exp 

2V2710  COS0 

2' 

V COS0  ) 

k ^ y 

(5.36) 


The  same  approach  can  be  applied  to  the  sum  intensity  of  the  specular  components 
transmitted  from  film  into  buffer  layer  through  the  interface  2 (Qi  = qi+q2+q3+— +q<»): 


Q,  = £q,= 


i=l 


In 

ysin0d0R,(0)T2(0)exp 

f-a,(t,  + x) 

\ COS0 

exp 

( 2^2710  COS0] 

V ^ y 

1-  R,(0)R2(0)exp 

-2a  ,t,' 

2y[2na  cosOl 

a exp 
COS0  / 

^ ^ y 

. (5.37) 


Light  Propagating  in  Downward  Direction 

In  Figure  5-5(b),  the  sum  intensity  of  the  specular  components  transmitted  from 

film  into  air  through  the  interface  1 (P2  = pi+P2+p3+---+Po°)  can  be  expressed  as 


I 


P2  = Z Pi  = 


f sin  0 d0  R , (0  )T,  (0 ) exp 


-a  ,(21,  - x) 


COS0 


i=l 


1-  R,(0)R2(0)exp 


f'201'1'!  Ml 

2V2no  COS0^ 

2“ 

exp 

V COS0  / 

^ ^ , 

(5.38) 


The  same  can  be  applied  to  the  sum  intensity  of  the  specular  components  transmitted 
from  film  into  substrate  through  the  interface  2 (Q2  = qi+q2+q3+---+q°°f 
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Q:  = Zli  = 


sin0d0T2(0)exp 


-g  !(t,  - x) 
COS0 


i=l 


1-  R,(0)R2(0)exp 


-2a  ,t, 


V COS0 


exp 


1 2V2rca  cos0A 


(5.39) 


Light  (Ij)  Transmitted  from  Film  into  Buffer  layer 

In  Figure  5-6(a),  the  sum  intensity  of  the  specular  components  transmitted  back 

from  buffer  layer  into  film  through  the  interface  2 (P3  = P1+P2+P3+—+P00)  can  be 


expressed  as 


Pj  = £ Pi  - 


I,R,(9)T2(8)exp 


1 -2a  2t2^ 
V cosy  , 


i=l 


1-  R2(0)R3(0)exp 


^-2a2t2" 
V cosy  / 


(5.40) 


where  fi  is  the  intensity  of  the  light  just  after  entering  into  the  buffer  layer  through  the 
interface  2,  and  7 is  the  refracted  angle  in  the  buffer  layer  corresponding  to  the  incident 
angle  9 in  the  film.  The  same  method  can  be  applied  to  the  sum  intensity  of  the  specular 
components  transmitted  from  buffer  layer  into  substrate  through  the  interface  3 (Q3  = 


qi+q2+q3+...+q»): 


Q,  = £q,= 


I,T3(0)exp 


a 2t2 


V cosy  y 


i=l 


1-  R2(0)R3(0)exp 


/ -2a  2t2' 
V cosy  , 


(5.41) 


Light  (I2)  Transmitted  Back  from  Buffer  layer  into  Film 

Figure  5-6(b)  shows  the  case  of  light  transmitting  back  from  buffer  layer  into  film 
(I2).  The  light  with  an  intensity  of  I2  will  also  experience  multiple  scattering  in  the  film. 
Then,  the  sum  intensity  of  the  specular  components  transmitted  from  film  into  air  through 
the  interface  1 (P4  = P1+P2+P3+---+P*)  can  be  expressed  as 
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p4  = £ Pi  = 


I2T,(0)exp 


V COS0  ) 


i=l 


1-  R,(0)R,(0)exp 


-2a  ,t, 

2y[2na  cos0 

2' 

. exp 
V cos0  / 

, A,  , 

The  same  can  be  applied  to  the  sum  intensity  of  the  specular  components 
transmitted  into  buffer  layer  (Q4  = qi+q2+q3+...+qoo): 


Q4  = X q*  = 


i=l 


( _2a  ,t,N 

2V2710  COS0 

2" 

1 2 R ’ (0  )T2(0)exP^  cos0  Jexp 

* J 

f -2a  ,t/ 

2^j2na  cos0 

2' 
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- 

(5.42) 


(5.43) 


Light  (I3)  Transmitted  from  Buffer  layer  into  Substrate 

In  Figure  5-7(a),  the  sum  intensity  of  the  specular  components  transmitted  back 
from  substrate  into  buffer  layer  through  the  interface  3 (P5  = P1+P2+P3+—+P00)  can  be 
expressed  as 


ps  = X Pi  = 


I3R4(0)T3(0)exp| 


-2a3t3^ 


cos5  / 


i = ! 


1-  R3(0)R4(0)exp 


v cos5  / 


(5.44) 


where  I3  is  the  intensity  of  the  light  just  after  entering  into  the  substrate  through  the 
interface  3,  and  8 is  the  refracted  angle  in  the  substrate  corresponding  to  the  incident 
angle  7 in  the  buffer  layer.  The  same  method  can  be  applied  to  the  sum  intensity  of  the 
specular  components  transmitted  from  substrate  into  air  through  the  interface  4 (Q5  = 


qi+q2+q3+-+q°°): 


Qs  = Z 


I3T4(0)exp 


— <*3*3 

cos8  / 


qs  = 


i=l 


1-  R3(0)R4(0)exp 


2a  3*3 
( cos8 


(5.45) 
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Light  (I4)  Transmitted  Back  from  Substrate  into  Buffer  layer 

Figure  5-7(b)  shows  the  case  of  light  transmitting  back  from  substrate  into  buffer 
layer  (I4).  The  light  with  an  intensity  of  I4  will  also  experience  multiple  scattering  in  the 
buffer  layer.  Then,  the  sum  intensity  of  the  specular  components  transmitted  from  buffer 


layer  into  film  through  the  interface  1 (P4  = Pi+P2+P3+---+P°°)  can  be  expressed  as 


P6  = I Pi  = 


I4T2(0)exp 


( * \ 

a 2t2 


V cosy  7 


i=l 


1-  R2(0)R3(0)exp 


1 -2a  2t2^ 
V cosy  , 


(5.46) 


The  same  can  be  applied  to  the  sum  intensity  of  the  specular  components 
transmitted  into  substrate  (Q4  = qi+q2+q3+-..+qoo): 


Q„  = £q,= 


I4R2(0)T3(0)exp 


' -2a  2t2^ 
V cosy  > 


i=l 


1-  R2(0)R3(0)exp 


' -2a  2t2' 
V cosy  j 


(5.47) 


Summation  of  Intensities 

Now,  it  is  necessary  to  consider  all  the  above  six  cases  together  to  derive  the 
expressions  for  the  added  specular  components,  as  illustrated  in  Figure  5-8  and  5-9.  The 
sum  intensity  of  the  light  transmitted  from  film  into  buffer  layer  for  the  1st  time  (FBi)  in 
Figure  5-9  is  the  sum  of  Qi  and  Q2  defined  as 


FBi  - Qi  + Q2 


ysin0d0T2(0) 
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( 2 Jin  a cos0 
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I.  (5.48) 
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The  sum  intensity  of  light  transmitted  from  the  film  into  buffer  layer  for  the  1st 
time  (BSi  in  Figure  5-9)  is  comprised  of  the  case  of  Q3  when  ft  is  FBi  and  the  sum  of  all 
the  light  intensities  reflecting  up  and  down  between  the  film  and  the  buffer  layer 
transmitted  through  the  interface  2 as  shown  in  Figure  5-8  (a)  is 


BS.  = £BS;xn  =FBiQ3  + 


FB1P3Q4Q3 
1 - P3Q4 


FB>Q3 


1+- 


P3Q4 

1-P3Q4 


(5.49) 


where  IBS;xn  = E(BS'.  + BS".  + BSm.  + ■ • • + BS;xn ) . 

Hereafter,  the  notations  Pi  ~ P6  and  Qi  ~ Q6  in  the  equations  below  mean  each 
summation  in  the  equations,  (5.36)  ~ (5.47),  without  ft,  I2, 13,  or  I4. 

Next,  the  sum  intensity  of  light  transmitted  from  the  substrate  into  buffer  layer  for 
the  1st  time  (SBi  in  Figure  5-9)  is  comprised  of  the  case  of  P5  when  I3  is  BSi  in  Equation 
(5.44)  as  follows 


SBi  = BS1P5  = FB1Q3 


1 + 


P3Q4 

I-P3Q4, 


Ps. 


(5.50) 


The  sum  intensity  of  light  transmitted  from  the  buffer  layer  into  the  film  for  the 
first  time  (BFi  in  Figure  5-9)  is  comprised  of  the  case  of  P6  when  I4  is  SB)  and  the  sum  of 
all  the  light  intensities  reflecting  up  and  down  between  the  substrate  and  the  buffer  layer 
transmitted  through  the  interface  3 as  shown  in  Figure  5-8  (b)  is 


BF.  = IBF/xn  =SB,P6  + 


^SBiQbPs^ 


l-QePs 
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P 6 — SBlP6 


1 + 


QbPs 

1-QbPs. 


= FB1Q3 


1+- 


P3Q4 

1^Q4/ 


PsPb 


1 + 


QePs 

1-CM\ 


(5.51) 


where  IBF/xn  = S(BF'i  + BF".  + BF'"i  + • • • + BF,'xn ) . 
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Let  us  put 


/ 

1 + 

v 


P3Q4 

1-P3Q4> 


to  J and 


f,  SBlQePs^ 

1 + — — 

l l-QsPsJ 


to  Y.  Then,  the  above  equations 


can  be  rewritten  below 


BSi  — FB1Q3J, 

SB,  = FB,Q3P5J, 
and  BF,  =FB,Q3P5P6JY. 


(5.52) 

(5.53) 

(5.54) 


The  equations  for  the  sum  intensity  of  the  light  transmitted  from  film  into  buffer  layer  for 
the  2nd  (FB2)  and  the  nth  time  (FBn ) in  Figure  5-9  are 


FB2  = BF1Q4  — SB1P6Q4 


1 + - 


QbPs 


v 

n-1 


= FB1Q3Q4P5P6JY , 


(5.55) 


1-Q6P5, 

and  FBn  = (FB,Q3Q4P5P6JY)n",  (5.56) 

from  buffer  layer  into  substrate  for  the  2nd  (BS2)  and  the  nth  time  (BSn)  in  Figure  5-9  are 


BS2  — SB1P6Q4 


1 + - 


QtPs 

l-QaPs 


Y 


Q3  + 


P3Q4 
1 - P3Q4 


Q3 


— SB1P6Q4Q3 


',+_2*_Y1+_!!i9!_' 

l-QaPsA  I-P3Q4 


FB,Q32Q4P5P6J2Y, 


(5.57) 

(5.58) 

from  substrate  into  buffer  layer  for  the  2nd  (SB2)  and  the  nth  time  (SBn)  in  Figure  5-9  are 


and  BSn  = FB,Q3nQ4n'1P5n‘1P6n'1JnYn'1, 


f 


SB2  — SB1P6Q4Q3P5 


1 + - 


QftPs 


\f 


1+- 


P3Q4 
1 - P3Q4 


= FB,Q32Q4P52P6J2Y,  (5.59) 


V 1-QsPsy 

SBn  = FBiQ3nQ4n'1P5nP6n'lJnYn-1,  (5.60) 

and  from  buffer  layer  into  film  for  the  2nd  (BF2)  and  the  nth  time  (BFn)  in  Figure  5-9  are 

Q6P5 


BF2  = SB,P6Q4Q3P5JYP6  + SB,P6Q4Q3P5P6 


1 - Q6P5 


79 


= SB,P62Q4Q3P5J2Y  = FB,Q32Q4P52P6J2Y,  (5.61) 

and  BFn  - FB1Q3nQ4n'1P5nP6n'1JnYn'1.  (5.62) 

Therefore,  the  total  intensities  of  the  light  specularly  transmitted  from  substrate  into 
buffer  layer  (FB_#  = E FBn),  of  the  light  transmitted  from  buffer  layer  into  substrate 
(BS_0  = E BSn),  of  the  light  transmitted  back  from  substrate  into  buffer  layer  (SB#  = E 
SBn),  and  of  the  light  transmitted  from  buffer  layer  into  film  (BF  j = E BFn),  started  with 
a propagation  angle  of  6 are 


FB  g = 

Qi  + Q2 

(5.63) 

I-Q3Q4P5P6JY  ’ 

BS  e = 

(Q>  + Q2)Q3J 

(5.64) 

1-Q3Q4P5P6JY  ’ 

SB  e = 

(Qi  + Q2)Q3P5J 

(5.65) 

I-Q3Q4P5P6JY  ’ 

and  BF  5 = 

(Qi  + Q2)Q3P5P6JY 

(5.66) 

I-Q3Q4P5P6JY 

In  addition,  it  is  necessary  to  consider  the  sum  intensities  of  the  light  transmit  through  the 

* * 

consecutive  two  layers,  BF  __g  for  film/buffer  layer,  and  BS  _g  for  buffer  layer/substrate 
shown  in  Figure  5-9. 

The  sum  of  partial  intensity  of  light  transmitted  back  from  the  interface  3 into  film 
without  transmitting  directly  into  substrate  for  the  1st  time  (BFt*)  is  the  case  of  P3  when 
Ii  is  FB]  as  shown  below 

BF,*  = FB,P3.  (5.67) 

Then,  the  sum  intensity  of  the  light  transmitted  from  film  into  buffer  layer  for  the  first 


time  (FBi*)  is  the  case  of  Q4  when  I2  is  BF*i  defined  as 

FB,*  = BFi*Q4  = FB1P3Q4. 


(5.68) 
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And,  the  sum  intensities  for  the  2nd  time  are 

BF,**  = FB/P3  = FB1P3Q4P3 
FBi  = BFi  Q4 

Therefore,  the  sum  of  BF*xn  1 that  is  from  FBi  becomes 

E BF,*xn  = E(BF,*  + BF,**  + BF,***  ...  + BF,*xn)  = 


(5.69) 

(5.70) 


FB1P3 

I-P3Q4 


(5.71) 


Next,  there  is  another  sum  of  partial  intensity  of  light  transmitted  back  from  the 
buffer  layer  into  film  without  transmitting  into  substrate  for  the  1st  time  (BF2*)  that 
started  from  FB2  is  also  the  case  of  P3  when  I,  is  FB2  as  shown  in  Figure  5-9  below 

FB2  = FB,Q3Q4P5P6JY,  (5.72) 

BF2*  = FB2JY  = FB.t^C^WaJY.  (5.73) 

Therefore,  the  same  method  can  be  applied  to  get  the  sum  of  BF2*xn  that  is  from  FB2 


,xn  . **  *xn  FB1Q3Q4P5P6P3JY 

E BF2  = E(BF2  + BF2  +BF2  . ..  + BF2  ) = — 

1 — P3Q4 


Then,  the  summation  of  E BF,’xn,  E BF2’xn  ...  E BFn*xn  is 


. (5.74) 


BF  j = E (E  BFrxn  + E BF2’xn  + ...  + E BF^nn) 


FB1P3 

I-P3Q4 


I-Q3Q4P5P6JY 


(5.75) 


The  sum  of  partial  intensity  of  light  transmitted  back  from  the  interface  2 into 
substrate  without  transmitting  directly  into  film  for  the  1st  time  (BS,*)  is  the  case  of  Qo 
when  I4  is  SB,  as  shown  below 

SB1=FB,Q3P5J,  (5.76) 

BSi*  = SB,Q6  = FB1Q3P5Q6J.  (5.77) 
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Then,  the  sum  intensity  of  the  light  transmitted  from  film  into  buffer  layer  for  the  first 
time  (SB'i)  is  the  case  of  P5  when  I3  is  BSi  defined  as 

SB1*  = BS,*P5  = FB,Q3P52Q6J,  (5.78) 

BS  ,**  = SB,*Q6  = FB,Q3P52Q62J.  (5.79) 

Therefore,  the  sum  of  BSi*xn  that  is  from  SBi  become 

E BS  *><"  = FB1Q3P5QJ 
l-PsQe 


Next,  there  is  another  sum  of  partial  intensity  of  light  transmitted  back  from  the 
buffer  layer  into  the  substrate  without  transmitting  directly  into  the  film  for  the  1 st  time 
(BS2*)  that  started  from  SB2  is  also  the  case  of  Q6  when  I4  is  SB2  as  shown  in  Figure  5-9 
below 


SB2  = FB1Q32Q4P52P6J2Y,  (5.81) 

BS2*  - SB2Q6  = FB,Q32Q4P52P6J2YQ6.  (5.82) 

Therefore,  the  sum  of  BS2*xn  that  is  from  SB2  become 

E BS2*xn  = FBlQ32Q4P52pj2yQ6  . (5.83) 

I-P5Q6 


Then,  the  summation  of  E BSi*xn,  E BS2*xn  ...  E BSn  *n  is 


BS  g = E (E  BSi  xn  + E BS2  xn  + ...  + E BSn  *n)  = 


FB1Q3P5Q6J 

I-P5Q6 

I-Q3Q4P5P6JY 


(5.84) 


Finally,  the  total  intensity  of  light  escaping  from  film  to  air  through  the  interface  1 
(TFS R-mode)  is  the  sum  of  E Pi,  E P2,  BF_e  P4,  and  BF* j P4,  and  the  total  intensity  of 
the  light  escaping  from  substrate  to  air  through  interface  4 (TSs  #:  T-mode)  started  with  a 
propagation  angle  of  6,  is  BSj  Q5  and  BS*j  Q5,  expressed  as 
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TFS  $ = L P,  + E P2  + BF_0  P4  + BF* _g  P4, 
TSs j = BS  j Qs  + BS  j Q5. 


(5.86) 


(5.85) 


Integration  of  Specular  Component 

The  total  intensity  of  the  generated  light  in  the  TFP  with  a thickness  of  ti  is 


assuming  here  that  the  whole  thickness  generates  light.  Therefore,  the  total  intensity  of 
specular  light  escaping  from  film  to  air  (Film_s:  R-mode)  or  from  substrate  to  air 
(Substrate_s:  T-mode)  after  generated  in  the  film  of  thickness  tj,  can  be  finalized  as 


The  two  achievable  cases  for  the  diffuse  instances  are  shown  in  Figures  5-8(a)-(b). 
A component  of  the  diffusely  reflected  light  with  an  angle  /3  initially  started  with  an  angle 
6 from  an  activator,  can  also  propagate  like  a specular  component  of  the  light  and  this 
light  component  can  also  specularly  transmit  from  film  into  air  (pi,2,3)  and  substrate 
(q  1,2,3)  during  propagating  multiply  upward  and  downward  directions  depending  on  Ti 
and  T2,  and  Ri  and  R2  properties  at  the  interfaces  1 and  2,  respectively. 

Light  Propagating  in  Upward  Direction  (Diffuse) 

In  Figure  5-8(a),  the  pi,  P2,  and  P3  are  the  intensities  of  the  light  propagating  like  a 


(5.87) 


(5.88) 


Substrate  s = P f TSs  edxd0  . 


(5.89) 


Modeling  of  Diffuse  Component  of  Light 


specular  component  after  first  scattering  at  interface  1 . For  this  case,  the  sum  intensity  of 
the  light  transmitted  from  film  into  air  through  the  interface  1 initiated  by  the  first  diffuse 
reflection  (P7  = P1+P2+P3+...+P00)  is 
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>0  . Q.Q  f-a,x 

— sm0d0  exp  

2 v cos0 


R,(6)| 


P,  = 


i+  n 


1 - exp 


2V2i 


7tC 


-COS0 


sinpdpR2(p)T,(P)exp 


~2a  ,t, 
cosp 


.(5.90) 


R,(p)R2(p)exP 


-2a, t, 

cosp 


The  same  method  can  be  applied  for  the  sum  intensity  of  the  light  transmitted  from  film 
into  substrate  (Q7  = qi+q2+q3+-..+q»)  propagating  like  a specular  component  initiated  by 
the  first  diffuse  reflection  at  interface  1 : 


In  f-a.x) 

-sin0d0exp|— Jr,(0) 


( 1 ) 


1 + T)/ 


q7  = 


1-  exp 


2-\/2ict  N 
— : cos0 


sinpdpT2(p)exp 


-a  it, 

COSp  J 


1-  R,(P)R2(P)exp 


-2a  ,t, 
, cosp 


.(5.91) 


Therefore,  the  intensity  of  the  diffuse  transmittance  from  film  into  air  by  upward 
propagation  (Iid  up)  can  be  derived  as 


I, 


sin0d0  exp 


' -a  ,x' 

( n ^ 

/ 

R,  (0 ) 

M 

1-  exp 

V COS0  ) 

1 1+ 

V 

2V2710 


\ 2 


COS0 


*d_up 


1 - R , (0 ) exp 


2x/2; 


no 


COS0 


R,  (0 ) exp 


f -2ql  it,'' 


(5.92) 


V COS0 


Light  Propagating  in  Downward  Direction  (Diffuse) 

In  Figure  5-8(b),  the  pi,  P2,  and  P3  are  the  intensities  of  the  light  propagating  like  a 
specular  component  after  reflected  at  interface  2 and  then  the  first  scattering  at  interface 
1 . For  this  case,  the  sum  intensity  of  the  light  transmitted  into  air  initiated  by  the  first 
diffuse  reflection  (Pg  = Pi+P2+P3+- ..+p<»)  is 


2sined9exp(-a|^~X)jR;(9)R,(8)^+ti 


P,  = ■ 


exp 


2V210 


COS0 


sinpdpRjtPXT^exp 


-2a  ,t, 


cosp  ) . (5.93) 


1-  R,(P)R2(p)ex] 
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The  same  approach  can  be  applied  for  the  sum  intensity  of  all  the  light  transmitted 
into  substrate  through  the  interface  2 (Qg  = qi+q2+q3+...+q00)  propagating  like  a specular 
component  initiated  by  the  first  diffuse  reflection  at  interface  1 : 


^sin6d9exp(~a'^~  X>  j R2 (6 )R, (0)(  ^ 


1 

1+  1 


1 - exp  - 


2V2: 


710 


COS0 


sinpdPT2(P)exp(^) 


cosp  J .(5.94) 


l-R,(|)>MD)«p(^ 


Therefore,  the  diffuse  transmittance  from  film  into  air  by  downward  propagation 
(Iid  down)  can  be  derived  as 


sin0d0  exp 


-«,(2t|  - x) 
COS0 


R2(0)R,(0) 


' n ' 


V 1+  r\J 


exp 


2V2: 
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COS0 


1-  R,(0)exp 


2V2xa  A 
— COS0 
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,.(5.95) 


R2(0)exp| 
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COS0 


Summation  of  Intensities  (Diffuse) 

The  sum  intensity  of  the  light  transmitted  from  film  into  buffer  layer  for  the  1st 
time  (FBi)  is  the  sum  of  Q7  and  Qg  defined  as 
FBia  = Q7  + Qg 


ysin6d0R,(e)|-j^ 


1-  exp 


2V2x 


COS0 


sinPdpT2(P)exp(^)[exp(^)  + ^ ^ R,(8) 


1-Rl(P)R2(P)exp(^ 


(5.96) 

This  equation  leads  to  the  sum  intensity  of  the  diffuse  light  transmitted  from  film  into 
substrate  (BSd  j and  BS  d j)  and  transmitted  back  from  substrate  into  film  (BFd _p  and 
BF  d js)  with  an  angle  /3: 
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BSd  jj  — 


(Q,  + Q2)Q3J 
1-Q3Q4P5P6JY  ’ 


FB1Q3P5Q6J 
pc/  _ I-P5Q6 

1-Q3Q4P5P6JY 


(5.97) 


(5.98) 


(Qi  + Q2)Q3PsP6JY 
I-Q3Q4P5P6JY  ’ 


(5.99) 


FB1P3 

BF  d js  = 1_P3Q4 . 

“ I-Q3Q4P5P6JY 


(5.100) 


The  above  equations  look  identical  with  the  equations  that  are  derived  in  the  specular  part 
previously;  however,  the  angles  used  in  the  specular  part,  9,  y,  and  5,  change  to  /3,  4>,  and 
e,  respectively  in  the  diffuse  part. 

Therefore,  the  total  sum  intensities  of  the  diffuse  components  of  the  light 
transmitted  from  film  into  air  (TFd  j.  R-mode),  and  transmitted  from  substrate  into  air 
(TSdjj:  T-mode)  with  an  angle  /3  are: 

TFdjs  = E P7  + E P8  + BFd j P4  + BF'd j P4,  (5.101) 

TSd  j3  = BSdJ3  Qs  + BS  d js  Q5-  (5.102) 

Finally,  the  total  intensity  of  the  diffuse  light  out  of  film  into  air  (TFd  js)  started 
with  a propagation  angle  6 is  the  sum  of  Iid_uP,  Iid_down,  and  the  integration  of  TFd  j from 
0 to  7r/2,  and  the  total  intensity  of  the  diffuse  light  out  of  substrate  into  air  (TSd  j)  starting 
with  an  angle  9 is  the  integration  of  TSd  j from  0 to  7r/2: 

% 

TFd_,  = ITdup  + ITdiowd  + Jf  TFd  j# , (5.103) 


TSdJ  = f TSd  „dp  . 


(5.104) 
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Integration  of  Diffuse  Component 

The  total  generated  light  in  a TFP  with  a thickness  of  ti  is  defined  in  Equation 
(5.87),  assuming  that  the  whole  thickness  generates  light.  Therefore,  the  total  intensity  of 
diffuse  light  escaping  from  film  into  air  (Film j:  R-mode)  or  from  substrate  into  air 
(Substrate  a:  T-mode)  after  being  generated  in  the  film  of  thickness  ti,  can  be  finalized  as 

Film  d = Jf  Jq'  TFd  edxd0  , (5.105) 

Substrate  d = J^'  TSd  9dxd0  . (5.106) 

Summation  of  Specular  and  Diffuse 

The  total  sum  intensities  of  the  specular  and  diffuse  from  film  into  air  (R-mode: 

Irefi),  and  from  substrate  into  air  (T-mode:  Itrans)  are 

n n 

I«n  = Film  , + Film  d = £ J['TF.  edxd0  + £ £ TFd  edxd0  , (5.107) 

71  71 

1 trans  = Substrate  , + Substrate  d = [2  £ TS,_edxd0  + Jf  J['  TSd  edxd0  . (5.108) 

It  is  worth  noting  that  the  integration  of  the  model  equations  should  be  considered 
separately  for  three  different  regimes  and  added  up  together  to  get  total  sum  intensity 
since  the  TFP  system  has  three  different  optical  interfaces  resulting  in  different  critical 
angles.  Therefore,  each  contributing  part  of  the  above  equations  can  be  written  as 

Film  . - {"  £'  TF...dxd9  + (•'  £ TF, jdxde  + £ £'TF,_ddxde  , (5.109) 

71 

Filnl-a  = C £,TF^«dxd9  + C {'TF^.*110  + £ ['TFd_,dxd0  , (5.110) 

Substrate  ,=  ('TS,  ,dxd0  + ('TS,  ,dxd6  + TS,  ,dxd9  , (5.111) 
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Substrate  „ = £"  J['TS,  ,dxde  + J['TSd  ,dxd6  + £ {'TSd  8dxd0  . (5.112) 

Each  integration  part  of  the  diffuse  components  above  should  also  be  considered 
separately  in  three  different  regimes  of  O</3<0ci,  dc\<P<dc2,  and  dC2</3<j/2,  as  did  in  the 
specular  components. 

Predicted  and  Experimental  Results 

The  numerical  model  program  automatically  calculated  all  of  the  equations  in  this 
chapter  step  by  step  and  gave  the  output  data  for  the  predicted  CL  intensities.  All  the 
required  parameters  mentioned  above  were  input  in  the  model  to  compare  the  predicted 
values  with  the  experimental  results.  The  parameters  input  for  the  calculation  were  S = 1 
x 104  cm/s,  D = 5 cm2/s,  r = 1 x 10‘9  sec,  io  = 100  nA/cm2,  rj  = 0.3,  Vo  = 2 kV  and  5 kV, 
and  E = 3Eg.Y203- 

The  predicted  results  of  the  CL  intensities  at  5 kV  from  the  model  of  the  Y2C>3:Eu 
thin  film  phosphors  deposited  on  the  silicon  substrates  with  and  without  SiC>2  buffer  layer 
as  a function  of  RMS  roughness  values  are  shown  in  Figure  5-11.  Asa  whole,  the 
normalized  CL  intensities  in  both  systems  of  thin  film  phosphors  increased  with 
increasing  roughness  of  the  films  up  to  the  RMS  roughness  of  ~ 300nm,  and  they 
appeared  to  be  saturated  after  that.  This  saturation  might  be  attributed  to  geometric 
effects  in  optics  that  would  become  more  dominant  as  the  surface  roughness  increased  in 
a given  incident  wavelength.  These  predictions  in  the  figure  indicate  that  the  Y2C>3:Eu 
film  on  silicon  substrate  with  a SiC>2  buffer  layer  gives  ~ 30  % higher  CL  intensity  than 
that  of  the  silicon  substrate  without  the  buffer  layer.  These  results  are  in  good  agreement 
with  the  experimental  data  as  described  in  the  previous  chapter.  The  smaller  refractive 
index  of  the  SiC>2  buffer  layer  gives  larger  amount  of  internally  reflected  light  in  the  thin 
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film  phosphor  and  this  internally  reflected  light  can  escape  out  of  the  film  more  easily  by 
diffuse  transmission  as  the  film  surface  is  rougher.  Therefore,  in  practical  design  for  a 
thin  film  phosphor’s  system,  it  would  become  important  to  make  choice  of  refractive 
indices  of  a thin  film  phosphor  and  a buffer  layer,  and  a surface  roughness  value  of  the 
film.  It  can  be  suggested  that  a refractive  index  of  a buffer  layer  should  be  lower  than 
that  of  a thin  film  phosphor  and  a surface  roughness  value  of  a thin  film  phosphor  should 
be  around  300  nm  (RMS)  from  this  model. 

Figure  5-12  shows  the  predicted  and  the  experimental  results  of  the  CL  intensities 
of  the  Y2C>3:Eu  thin  film  phosphors  deposited  on  the  anodized  silicon  substrates  without 
SiC>2  buffer  layer  as  a function  of  RMS  roughness.  The  experimental  and  the  predicted 
CL  intensities  were  normalized  by  the  CL  intensity  of  the  highest  roughness  at  5 kV  to 
compare  the  trends  of  the  both  predicted  and  experimental  CL  intensities  at  2 and  5 kV. 
As  a whole,  the  results  in  this  figure  predicted  by  the  model  and  obtained  by  the 
experiment  show  not  much  discrepancy  between  them.  The  reason  why  the  higher  CL 
intensities  at  5 kV  can  be  ascribed  to  the  larger  electron  - solid  interaction  range  of  the 
higher  electron  energy  as  explained  in  the  previous  chapter.  The  CL  intensities  of 
experimental  results  at  2 kV  were  observed  lower  than  those  of  modeling  results  as  the 
RMS  roughness  increased.  This  might  be  mainly  attributed  to  the  surface  recombination 
rate  value  that  was  assumed  to  be  constant  (S  = 1 x 104  cm/s)  for  these  results,  but  the 
surface  recombination  rate  increases  as  the  surface  roughness  increases  due  to  the 
increase  of  surface  area.  In  other  words,  the  effect  of  the  recombination  rate  on  the  CL 
intensities  of  the  higher  voltage  (5  kV)  became  less  dominant  compared  to  the  lower 
voltage  (2  kV)  because  the  electron  - solid  interaction  volume  was  larger  than  that  of  the 


89 


lower  voltage.  From  this  figure,  it  can  be  estimated  that  the  influence  of  the  interface  2 
(Y2C>3:Eu/anodized  Si)  roughness,  that  was  not  considered  in  the  assumptions  for  this 
model,  on  the  CL  intensities  is  not  significant  even  though  there  is,  in  fact,  rough 
interface  between  the  film  and  the  substrate.  This  can  be  explained  by  critical  angle  for 
total  internal  reflection.  There  is  no  light  reflecting  back  from  the  interface  2 since 
critical  angle  for  total  internal  reflection  does  not  exist  between  Y2C>3:Eu  and  silicon. 
Thus,  light  transmitting  from  the  Y203iEu  thin  film  into  silicon  substrate  is  absorbed  by 
the  substrate,  and  the  effect  of  roughness  on  this  interface  can  be  neglected. 

Shown  in  Figure  5-12  are  the  predicted  and  the  experimental  results  of  the  CL 
intensities  of  the  Y2C>3:Eu  thin  film  phosphors  deposited  on  the  anodized  silicon 
substrates  with  Si02  buffer  layer  as  a function  of  RMS  roughness.  The  experimental  and 
the  predicted  CL  intensities  were  also  normalized  by  the  CL  intensity  of  the  highest 
roughness  at  5 kV.  There  is  not  much  difference  between  the  results  of  experiment  and 
the  modeling  as  in  Figure  5-12  for  the  most  part.  The  lower  CL  intensities  of 
experimental  data  at  2 kV  could  be  ascribed  to  the  recombination  rate  as  described 
before.  Similar  trends  were  observed  at  applied  voltages  such  as  saturation  at  around 
RMS  300  nm.  Therefore,  it  can  be  deduced  that  roughness  of  interfaces  (2:  phosphor 
film/buffer  layer  and  3:  buffer  layer/substrate)  does  not  have  an  effect  on  the  CL 
intensities  from  these  results. 

However,  it  cannot  be  concluded  by  the  data  presented  here  that  the  effects  of 
interface  roughness  in  buffer  layered  thin  film  phosphor  systems  on  the  CL  intensities 
may  be  ignored.  This  numerical  model  considered  only  the  top  roughness  of  thin  film 
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phosphors  and  the  experiments  were  performed  on  silicon  substrates  that  are  not 
transparent  to  apply  to  FEDs. 

Therefore,  in  order  to  utilize  the  benefits  of  the  numerical  model  developed  so  far, 
transparent  substrates  should  be  used  for  deposition  of  thin  film  phosphors  in  the  first 
place  as  a future  work.  In  addition,  the  model  should  be  modified  to  take  into  account 
effects  of  interface  roughness  on  CL  intensities. 

Summary 

A numerical  model  that  includes  most  of  the  affecting  parameters,  in  particular, 
containing  diffraction  - based  multiple  light  scatterings  with  different  thickness  of  thin 
film  phosphors  with  a buffer  layer  on  various  substrates  and  electron  beam  - solid 
interactions  was  developed.  This  new  model  was  expanded  to  evaluate  the  CL  properties 
of  the  TFP/buffer  layer/substrate  structure  on  the  basis  of  the  previous  model  in  order  to 
comprehend  the  effects  of  the  fundamental  parameters  on  the  luminescence  properties  of 
TFPs.  Furthermore,  the  modeling  developed  in  this  study  will  provide  many 
opportunities  and  tools  in  design  for  thin  film  phosphors  and  will  be  expected  to  play  a 
role  in  fabrication  of  FEDs. 

In  summary,  it  was  shown  that  only  a slight  difference  has  been  observed  between 
the  predicted  and  the  experimental  results.  The  CL  intensities  were  enhanced  with  an 
increase  of  the  surface  roughness  of  the  thin  film  phosphors  on  silicon  substrates.  This 
enhanced  brightness  from  the  films  on  silicon  surfaces  was  associated  with  the  surface 
roughness  mostly  caused  by  the  formation  of  the  anodized  silicon  surface  layer.  Higher 
CL  intensities  from  the  Y2C>3:Eu  thin  films  on  silicon  with  SiC>2  buffer  layer  were 
predicted.  The  smaller  refractive  index  of  the  SiC>2  buffer  layer  gives  larger  amount  of 
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internally  reflected  light  in  the  thin  film  phosphor  and  this  internally  reflected  light  can 
escape  out  of  the  film  more  easily  by  diffuse  transmission  as  the  film  surface  is  rougher. 
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Figure  5-1.  (a)  Spatial  distribution  of  the  energy  reflected  from  a rough  surface  with  the 
coordinates  and  angle  notations  based  on  diffraction  scattering  theory 
[Top79],  (b)  A sine  waveform  roughness  where  A is  the  amplitude  of  the 
waveform,  a is  the  distance  between  the  two  peaks,  and  h is  the  roughness 
height. 
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Figure  5-2.  The  solid  angle  (Q)  is  defined  as  the  ratio  of  surface  area  (s)  to  the  square  of  a 
radius  (r2)  of  a cone. 
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Figure  5-3.  The  light  originated  from  an  activator  travels  through  the  host  matrix  with  an 
angle  2 and  scatters  at  the  rough  film  surface.  This  scattered  light  is 
composed  of  specularly  reflected  (Rs),  diffusely  reflected  (Rd),  specularly 
transmitted  (Ts),  and  diffusely  transmitted  (Td)  light. 
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Figure  5-4.  When  the  light  generated  from  an  activator  diffusely  transmits  (Td)  and 

reflects  (Rd)  at  the  rough  film  surface,  the  light  reflected  back  to  film  with  an 
angle  less  than  0C  will  transmit  into  substrate,  and  the  light  reflected  back  to 
film  with  an  angle  greater  than  0C  will  reflect  internally  with  an  angle  P,  in 
addition  to  specularly  reflected  light  (Rs). 
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Figure  5-5.  The  generated  light  from  an  activator  (Io)  which  is  located  at  a distance  x 

from  the  film  surface  can  be  specularly  transmitted  from  film  into  air  (p  1,2,3) 
and  buffer  layer  (q  1,2,3)  during  traveling  (a)  upward  and  (b)  downward  with  an 
angle  6,  depending  on  transmittance  (Ti,  T2)  and  reflectivity  (Ri,  R2) 
properties  at  the  interfaces  (1,2).  a,  n,  and  t represent  absorption  coefficient, 
refractive  index,  and  thickness,  respectively. 
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Figure  5-6.  (a)  The  light  transmitted  from  film  into  buffer  layer  (Ii)  can  be  specularly 
transmitted  from  buffer  layer  into  air  (qi,2,3)  and  also  back- transmitted  from 
buffer  layer  into  film  (p  1,2,3).  (b)  The  light  transmitted  from  buffer  layer  into 
film  (I2)  can  be  specularly  transmitted  from  film  into  air  (pi,2,3)  and  also  back- 
transmitted  from  film  into  buffer  layer  (qi,2,3).  For  both  cases,  light  intensity 
depends  on  transmittance  (T),  reflectivity  (R)  at  the  interfaces  (1,2, 3,4), 
absorption  coefficient  (011,2,3),  thickness  (ti,2,3),  and  the  angle  9. 
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Figure  5-7.  (a)  The  light  transmitted  from  buffer  layer  into  substrate  (I3)  can  be  specularly 
transmitted  from  substrate  into  air  (q  1,2,3)  and  also  back-transmitted  from 
substrate  into  buffer  layer  (pi,2,3).  (b)  The  light  transmitted  from  substrate  into 
buffer  layer  (I4)  can  be  specularly  transmitted  from  buffer  layer  into  film 
(p  1,2,3)  and  also  back-transmitted  from  buffer  layer  into  substrate  (q  1,2,3)-  For 
both  cases,  light  intensity  depends  on  transmittance  (T),  reflectivity  (R)  at  the 
interfaces  (1,2, 3,4),  absorption  coefficient  (011,2,3),  thickness  (h,2,3),  and  the 
angle  6. 
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Figure  5-8.  The  sum  of  light  specularly  transmitted  (a)  from  buffer  layer  into  substrate  for 
the  first  time  (BS'i),  second  time  (BS"i),  and  so  on  and  (b)  from  buffer  layer 
into  film  for  the  first  time  (BF'i),  second  time  (BF"i),  and  so  on,  can  be  added 
together. 
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Figure  5-9.  The  sum  of  light  specularly  transmitted  from  buffer  layer  into  substrate  for 
the  first  time  (BSi),  second  time  (BS2),  third  time  (BS3),  and  so  on,  can  be 
added  together.  The  same  applies  for  the  sum  of  light  specularly  transmitted 
from  buffer  layer  into  film  (BFi,2,3,...).  The  sum  of  all  Pi  ,2,4  and  P*4  is  total 
specular  light  from  film  side,  and  the  sum  of  all  Q5  and  Q 5 is  total  specular 
light  from  substrate  side. 
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Figure  5-10.  The  diffusely  reflected  light  with  an  angle  /3  originally  started  with  an  angle 
9,  can  also  travels  like  specular  component  of  the  light  and  this  light  can  also 
specularly  transmits  from  film  into  air  (p  1,2,3)  and  buffer  layer  (qi,2,3)  during 
traveling  (a)  upward  and  (b)  downward,  depending  on  transmittance  (Tj,  T2) 
and  reflectivity  (Ri,  R2)  properties  at  the  interfaces  (1,2). 
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Figure 


RMS  Roughness  (nm) 


-11.  Comparison  of  the  predicted  CL  intensities  of  Y203:Eu  thin  film  phosphors 
on  silicon  substrates  with  and  without  Si02  buffer  layer  at  5 kV  as  a function 
of  RMS. 
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Figure  5-12.  Predicted  and  experimental  CL  intensities  of  Y203:Eu  thin  film  phosphors  at 
2 and  5 kV  deposited  on  anodized  silicon  substrates  as  a function  of  RMS. 
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Figure  5-13.  Predicted  and  experimental  CL  intensities  of  Y203:Eu  thin  film  phosphors  at 
2 and  5 kV  deposited  on  anodized  silicon  substrates  with  Si02  buffer  layer  as 
a function  of  RMS. 


CHAPTER  6 
CONCLUSIONS 

The  effects  of  surface  roughness  on  the  luminescence  properties  of  TFPs  have  been 
investigated  using  PLD  with  Y203:Eu  TFPs  grown  on  anodized  and  bare  silicon 
substrates,  and  also,  the  effect  of  optically  favorable  buffer  layer  was  inserted  between 
the  thin  film  phosphor  and  silicon  substrates.  The  Y2C>3:Eu  TFPs  on  anodized  silicon 
substrates  showed  at  least  2 times  higher  PL  brightness  values  than  those  on  bare  silicon 
substrates.  The  realization  of  the  Y203:Eu  TFPs  with  higher  PL  brightness  values  by 
means  of  an  inherently  rough  anodized  silicon  layer,  was  mainly  attributed  to  more 
outcoupling  of  light  due  to  reduced  internal  reflection. 

For  more  detailed  studies  on  the  effects  of  the  thin  film  phosphor  roughness  with 
other  fundamental  parameters  determining  the  luminescence  properties  of  the  thin  film 
phosphors,  the  Y2C>3:Eu  TFPs  with  different  thicknesses  and  roughnesses  were  fabricated 
using  PLD  on  the  substrate  materials  that  have  various  roughness  values  under  a 
controlled  experimental  procedure.  Microstructural  and  optical  characterizations  were 
conducted  on  those  samples.  The  PL  brightness  of  the  Y2C>3:Eu  thin  film  phosphors 
deposited  on  the  anodized  silicon  substrates  increased  with  the  surface  roughness  of  the 
film  and  the  thickness  of  Si02  buffer  layer.  The  new  theoretical  model  also  explains  this 
result. 

The  smaller  refractive  index  and  low  absorption  coefficient  characteristics  of  the 
Si02  buffer  layer  on  the  substrates  resulted  in  higher  CL  intensities  in  both  theoretical 
and  experimental  results  for  the  Y2C>3:Eu  TFP  systems.  The  smaller  refractive  index  of 
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the  buffer  layer  produced  larger  amount  of  internally  reflected  light  in  the  film  and  this 
internally  reflected  light  escaped  from  the  film  more  easily  as  the  film  surface  is  rougher. 
The  low  absorption  of  visible  light  by  the  SiC>2  buffer  layer  also  decreased  light  intensity 
losses  during  multiple  internal  reflections.  These  two  combined  effects  resulted  in  better 
PL  properties  for  the  Y203:Eu  TFPs  on  SiC>2  buffer  layered  silicon  substrate. 

The  theoretical  model  provides  solid  understandings  on  the  CL  properties  of  the 
thin  film  phosphors  with  the  effects  of  the  various  parameters,  in  terms  of  the  role  of 
surface  roughness  and  the  role  of  the  buffer  layer  on  reducing  internal  reflection,  and  the 
correlations  of  the  surface  roughness  with  other  parameters  such  as  substrate  types,  e- 
beam-solid  interactions,  surface  recombination  rates  of  carriers,  carrier  diffusion 
properties,  optical  scattering  at  the  interfaces,  and  material’s  optical  properties. 
Therefore,  the  new  model  supplies  a general  solution  to  predict  the  luminescence 
properties  of  the  thin  film  phosphors  for  the  CL  - based  technologies  like  FEDs  and 


CRTs. 
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